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ABSTRACT
In-situ  light scattering measurements are com bined with chem ical 
analysis o f  sampled soot particles to elucidate the m echanism s through
which iron addition affects soot formation and growth processes in fuel- 
rich, premixed propane and oxygen flames. Soot particle optical inhom o­
geneity  resulting from the addition o f  iron is accounted for in the light
sca tte r in g  analysis  using  an e ffec tive  refrac tive  index  m odel.  The 
influence o f  iron addition on soot particle diameters, num ber densities, 
volum e fractions, surface areas, and specific growth rates is investigated.
In addition. X-ray photoelectron spectroscopy was used to determ ine the 
chemical state of iron species throughout the flame. The analysis revealed
that the iron oxide Fe2 0  3 is the only dominant species within the soot
particles, corresponding to residence times from 10 to 32 milliseconds. The
influence o f  iron addition on soot particle parameters is assessed and the 
im p o r tan t  reac tion  m echan ism s involv ing  iron in soo ting  f lam es  are
discussed. It is proposed that Fe2C>3 catalysis of carbon oxidation by oxygen 
to carbon monoxide and carbon dioxide in the soot burnout zone is the
primary soot suppressing mechanism o f  iron in flames.
xiv
CHAPTER 1
INTRODUCTION AND REVIEW OF LITERATURE
1.1 Background
Particu la te  soot is a product generated  during incom plete  com bustion 
o f  hydrocarbon fuels. Soot is composed prim arily  o f  carbon and generally  
at least one percent by weight o f  hydrogen, but may contain o ther elements 
and com pounds  p re sen t  in the o r ig ina l h y d roca rbon  fuel (P a lm e r  and 
Cullis, 1965). The shape o f  flame soot consists o f  roughly spherical particles 
with diameters ranging from 5 to 2000 nm. Soot formation can occur in a 
varie ty  o f  com bustors , including  boilers , gas turb ines, a irc raft  je t  eng ines  
and com press ion -ign ition  internal com bustion  engines. The fo rm ation  o f  
soot may be governed  by the fuel type, the ra tio  o f  fuel to  oxygen, 
com b u sto r  con figura tion , and com bustor  opera ting  tem pera tu re .
The presence o f  soot in flame system s can be both beneficial and 
de tr im en ta l .  Soot pa r ticu la tes ,  due to th e ir  h igh  em iss iv it ie s ,  p lay  a 
fundam ental role in radiation heat transfer from flam es. H ence soot laden 
f lam es  are d e s ira b le  in b o ile rs  to m a x im ize  ra d ia t iv e  h e a t  t ran s fe r .  
H ow ever ,  enhanced  rad ia tive  transfe r  is und es irab le  in  j e t  and in terna l 
com bustion  engines. E nhanced  heat transfer  w ithin com bustion  cham bers  
m ay resu lt  in reduc tions  o f  eng ine  e ff ic ien cy  and eng ine  life . The 
presence o f  soot particles in gas turbines can affect the lifetim e o f  turbine 
blades. In addition to reductions in com bustor perform ance, soot em issions 
constitu te  a considerable  source o f  particula te  air pollu tion . Furtherm ore ,
1
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soo t p ar tic le s  can absorb carc inogenic m ateria ls , such as po lynuc lear  
arom atic hydrocarbons, and subsequently be inhaled deep into the lungs 
due to their small size. The future use o f  heavily sooting alternative fuels, 
such as shale and coal derived, can only compound the problems associated 
with unwanted soot formation.
Several options are available for the control o f  flame generated soot. 
Im proved com bustor design is one approach to this problem . While 
com bustor design modification offers perhaps the best longterm solution to 
undesirable soot emissions, it entails considerable economic resources and 
m ay requ ire  cons iderab le  tim e for  im plem en ta tion . An a l te rn a t iv e  
approach to the control of unwanted soot emissions is through the use of 
fuel additives. Fuel additives encompass a wide variety o f  compounds, which 
can provide  an econom ically  sound and re la tively  s im ple m ethod for 
emission control. Fuel additive based control techniques are readily imple­
mented and offer a viable approach to the control o f  soot emissions.
N umerous studies o f  combustion processes under the influence o f  
fuel additives have been performed. Both the types o f  additives examined 
and the m otiva tion  behind the many research  e ffo r ts  vary  greatly . 
E lem entary  combustion reactions involving charged species have been the 
subject o f  many investigations. Sugden (1965) and M iller (1973) have 
reviewed the literature concerning ions in flames, and discuss the role of 
metallic additives in ionic activity. While additives received considerable 
attention in early work due to their influence on ionic flame chemistry, a 
g reater emphasis in combustion literature, especially in recent years, has 
been on soot suppression and control through the use o f  fuel additives. 
Finfer (1967) conducted a review o f  fuel oil additives for controlling air 
em issions, having concentrated on the few m etallic additives that were
3
com m ercia lly  available . F in fer  concluded th a t  " im proved add itives  are 
required" and appears to be the first investigator to state that the toxicity of
additives should be addressed. Salooja (1972A) reviewed burner fuel addi­
tives  and the ir  control o f  com bustion  rela ted  prob lem s such as sm oke 
em ission, high tem perature corrosion caused by metal im purities , and low 
temperature corrosion from sulphur in fuels. The available inform ation on 
the use o f  additives in aviation fuels, heating oils, and gas oils for power gas
turbines formed the basis o f  the study.
An extensive literature review o f  soot control by fuel additives was 
performed by Howard and Kausch (1980). The primary focus o f  their work 
was the use o f  metallic additives for the reduction o f  soot em issions from 
p rac tica l com bustion  system s such as boilers, gas tu rb ines  and diesel 
engines. M anganese, iron and barium were reported as the m etals  most 
often cited  to be highly effective  in the reduction o f  soot em issions. 
A dditionally, the proposed mechanisms o f  soot reduction developed through 
laboratory  flame studies are discussed. A more recent review  paper by 
H irschler (1986) is concerned prim arily  with soot and sm oke suppression 
from fuels relevant to fires and fire safety. H irschler studied the available 
literature on soot suppression, covering a wide range o f  additives and their 
effectiveness  on various com bustible materials.
R esea rc h  co n ce rn in g  the in f lu en ce  o f  fuel a d d i t iv e s  on so o t 
formation includes studies on gaseous additives (Haynes, et al., 1982; Schug, 
et al.,1980), and a wide range o f  metallic compounds. The present literature 
review is focused on a specific selection o f  metallic based fuel additives. The 
additives have been divided into three groups according to their constituent 
m etal: the alkali metals, alkaline earth m etals, and the m ain  transition
metals. These particular metals have been selected for review due to their
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dem onstra ted  ab ility  to a ffec t com bustion p rocesses , and the apparen tly  
d ifferen t m echanism s through which these three groups function. Before 
exam ining  the m any additive studies, the m etals  and the ir  properties , as 
well as the metal containing compounds most utilized as fuel additives, will 
be discussed below and subsequently summarized in Table 1.1.
The alkali metals and the alkaline earth metals com pose groups I and 
II, respectively, o f  the Periodic Table and are often referred to  as the light 
metals. The alkali metals typically considered in com bustion  research are 
lithium, sodium, potassium, rubidium and cesium. The alkaline earth metals 
m ost often studied are magnesium, calcium, s trontium  and barium . The 
chem ical and physical properties o f  these metals vary system atica lly  w ith  
atom ic size, within their respective groups. An example o f  this behavior 
may be seen in Table 1.1, where the first ionization potentials are shown to 
decrease smoothly as atomic mass increases.
The m ain  transition  metals which are frequently  s tudied as fuel 
additives are iron, manganese, nickel and chromium. These four elements 
are all first transition series metals in the Periodic Table and are sometimes 
referred to as "d-block elements" in reference to the ir  partia lly  filled d- 
shells. Cotton and W ilkinson (1966) noted that the e lec trons  o f  these 
elements are on the periphery o f  the atoms and are strongly influenced by 
their surroundings. For this reason the chemical properties o f  the d-block 
elements may be erratic or irregular. An example o f  such behavior is the 
first ionization potentials o f  the main transition elem ents (see Table 1.1), 
which have practically no correlation with atomic mass, as opposed to  the 
case with the alkali and alkaline earth metals.
Flam e concentrations o f  the metal additives discussed above are all 
similar, ranging typically from 0.01 to 0.6 percent by weight metal to fuel.
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T he  alkali and a lkaline earth  m etals  are generally  in troduced to com bustion  
sy stem s  v ia  aqueous so lutions o f  m etall ic  salts and hydrox ides .  T h e  m ain  
t ran s i t io n  m eta ls  may also be added  to com bustion  sys tem s v ia  aqueous  
s o lu t io n s ,  b u t  are  m ore  frequen tly  added in the form  o f  o rg an o m e ta l l ic  
c o m p o u n d s .  A d d eco tt  and N utt (1969), C otton  and co -w o rk e rs  (1971) ,  
B o n czy k  (1987) ,  and M itchell (1991) have all pe rfo rm ed  ex p e r im e n ts  in 
w hich  f lam es were seeded  w ith  s im ila r  m eta l concen tra t ions ,  p ro v id ed  by 
several d if fe ren t add itive  com pounds. In all cases, s im ila r  e ffects  on soo t 
e m is s io n s  w ere  rep o r ted ,  the reby  d e m o n s tra t in g  an in s e n s i t iv i ty  to  the  
chem ica l nature  o f  the metal com pound utilized.
The a lkali,  alkaline earth  and main transition  m eta ls  com m only  used 
as fuel additives for emission control are summarized in Table 1.1. Comm on 
to  all these m etals  is the apparent im portance o f  the elem ental m etal only, 
and the  re la tive ly  sm all additive concen tra tions  genera lly  used.
1.2 Metal Additive Flame Studies
Bartholom e and Sachsse. (1949) were the first to report on  the use o f  
m etals  in the reduction o f  soot form ation, having investigated the effects  o f  
m an y  m e ta ls  in  fue l-r ich  hydrocarbon  f lam es. The l i te ra tu re  co n ce rn in g  
the role o f  metal additives in soot em ission control will be discussed in  detail 
in th is  section . The m ateria l will be p resen ted  in the o rd e r  o f  a lkali,  
a lk a l in e  e a r th ,  and  m a in  t ra n s i t io n  m e ta ls ,  w ith  e m p h a s is  g iv e n  to  
experim en ta l m ethods and general results. The m echan ism s th rough  w hich 
the various  m etals  affect soot emissions are discussed in following sections.
Table 1.1. Metals utilized for control o f  soot emissions.
M e ta l A to m ic
w e i g h t
( a m u )
F irs t  ion ization  
p o t e n t i a l  
( e V )
T ypical additive 
c o m p o u n d s
L i 6.9 5.39 LiN03, Li OH
N a 23.0 5.14 NaCl, NaOH
K 39.1 4 .34 KC1, KOH, KN03
R b 85.5 4.18 RbCl
Cs 132.9 3.89 CsCl, Csl
M g 24.3 7.64 MgCl2
Ca 40.1 6.11 CaCl2, Ca(N03)2
S r 87.6 5.69 SrCl2
Ba 137.3 5.21 B aCl2.Ba(N 02)2
C r 52.0 6.76 Cr(N03)3
M n 54.9 7.43 MnCl2
Fe 55.9 7.87 Fe(CO )5.Fe(C5H5)2
Ni 58.7 7.63 Ni(N03)2
1.2.1 Alkali Metals
A ddecott and Nutt (1969) investigated the role o f  many m etals, 
including Cs, K, Na and Li, in the reduction o f  smoke using both ethylene 
counterflow  diffusion flames and fuel-rich premixed flames. Cesium and 
potassium were found to be among the most efficient metals, both resulting 
in a 12 percent reduction in smoke, while sodium and lithium were reported 
to yield little effect. Cotton, Friswell and Jenkins (1971) examined the 
suppression  o f  soot in propane diffusion flam es by forty-one m etals , 
including the alkali metals Cs, K, Li and Na. The effectiveness of the various 
metal additives was determined by gravimetric analysis o f  the total collected 
soot for various fuel to oxygen ratios and additive concentrations. Cesium 
and potassium were found only to be effective soot suppressants in moder­
ately fuel rich and near stoichiometric flames.
Salooja (1972B) reported an inhibition o f  soot formation when a 
metallic coated quartz probe was inserted in the primary reaction zone of 
flames. The alkali metals K, Cs, Na and Li were all found to be effective in 
reducing observed soot emissions and are listed here in order of decreasing 
e f f i c i e n c y .
Bulewicz, Evans and Padley (1975) studied the effect o f  cesium and 
potassium  in both acetylene/oxygen and propane/oxygen diffusion flames. 
Gravimetric analysis and electron microscopy o f  collected soot were used to 
assess the effects o f  the metals. Both cesium and potassium were found to be 
s ig n if ic an t  soot suppressan ts  at near  s to ich iom etric  f lam e cond itions .  
Cesium was approximately three times as effective as potassium, and both 
m e ta ls  were m ore e ffec tive  w ith inc reas ing  add i t ive  co n ce n tra t io n .  
Electron micrographs revealed a decrease in particle diameters in the metal 
doped flame soot, which accounted for the overall soot reductions. The
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au thors  also reported  increased soot em issions in fuel-rich  flam es seeded 
with cesium, and noted that "metal additives could not be classified simply as 
p ro -soo t o r  an ti-soot in character."
F eug ie r  (1978) u ti lized optical transm ission  m easurem ents  to assess 
the  re la tive changes in soot volum e fraction in p rem ixed  ace ty lene/oxygen 
f lam es  un d er  the influence o f  metal additives. Cesium , po tass ium  and 
sodium  w ere all found to  promote sooting in flames doped with rela tively
h igh  co n ce n tra t io n s  o f  m e ta l,  g rea te r  than 10*4 mol fraction  o f  m etal. 
H ow ever, in sm aller concentrations, Feugier reported that both  cesium and 
potassium  reduced the total volume fraction o f  soot. A s im ilar study was 
perform ed by H aynes, Jander and W agner (1979) u ti liz ing  p rem ixed  e th y l­
ene and oxygen flames in the presence o f  Cs, K and Na. The influence o f  low 
concentrations o f  alkali and alkaline earth metals on soot partic le  size and 
num ber  density  was investigated. Using the R ayleigh  lim it for the sca t­
te r ing  o f  light, the partic le  size and num ber density  were determ ined  at
various positions within the flame. The metals Cs, K and Na were all found to 
decrease the total amount o f  soot formed at additive concentrations less than 
1 0 '^  m ol frac tion , while being rela tive ly  insensit ive  to f lam e varia tions . 
Spa tia l  m easurem en ts  revea led  a decrease  in soo t p ar tic le  s ize  and  an 
increase in soo t particle num ber density at all flam e heights, resu lting  in 
overall reductions in total soot. The effic iency o f  soot suppression  was 
found to be in the order Cs > K > Na.
In the ir  study o f  soot suppression, N dubizu and Zinn  (1982) used 
g rav im etric  analysis  o f  the total collected soot, and transm ission  e lectron  
m ic ro g rap h s  o f  soo t sam ples extracted  from two locations  w ith in  p o ly ­
ethylene diffusion flames. Cesium, potassium and sodium were all found to 
reduce soot particle diam eters by as much as 38 percent and to increase
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particle number densities, resulting in reduced overall soot yields under all
test conditions. Cesium was found to be the most effective soot suppressant, 
with maximum reductions o f  40 percent, followed in efficiency by potassium 
and sodium.
Bonczyk (1983) investigated the effects of the alkali metals Li, Na, K, 
Rb and Cs in propane/air diffusion flames, having determ ined the soot
particle size and number density using light scattering techniques. Cesium, 
rubidium and potassium were all found to increase soot particle num ber 
densities while decreasing soot particle diameters, yield ing overall reduc­
tions in total soot emissions. The order o f  efficiency was reported as Cs > Rb > 
K, and was found to increase with additive concentration . The soot 
suppressing characteristics  o f  lithium and sodium were s ignificantly  less 
apparent than for Cs, Rb and K. Bonczyk (1986, 1988) also examined soot 
suppression via metal additives in ethylene/air diffusion flames. Potassium 
was the most effective soot suppressant of the alkali metals studied, yielding 
a nearly 90 percent reduction in soot emissions. Substantial reductions in 
soot particle diameters coupled with insignificant changes in the particle 
number densities, accounted for the observed reduction in soot yields. Like 
potassium, sodium addition resulted in a reduction in soot particle diameters, 
but yielded a 30 percent increase in number densities, resulting in a 50
percent reduction in the total soot yield. Lithium addition resulted in no 
significant change in soot size or num ber density, reducing soot volume 
fractions by approximately five percent. Bonczyk (1989) further studied 
the effects o f  metal addition in premixed ethylene/oxygen flam es. The 
m etals  cesium, rubidium and potassium all resulted in approxim ately  50 
percent reductions in soot particle diameters, an increase in soot number 
densities by nearly a factor o f  ten, and overall reductions in soot yields by
approximately 20 percent. The order o f  efficiency was again Cs > Rb >  K. 
The metals lithium and sodium produced no significant change in the size or 
num ber density  of soot particles.
T he  li te ra tu re  co nce rn ing  soo t su p p ress io n  by the  a lka li  m eta ls  
reveals many similarities o f  the effects o f  these additives. A reduction  o f  
soot by the  addition o f  alkali metals is generally associated w ith  a decrease 
in soot particle diameters and an increase in soot particle num ber densities. 
This behavior is present in both diffusion and premixed flames. A summary 
o f  the alkali metals and the ir  effects on soot suppression  is presented  in 
Table 1.2.
1.2.2 Alkaline Earth Metals
M any researche rs  in th e ir  s tud ies  o f  soo t su p p ress io n  by  m etal
additives exam ined both alkali and alkaline earth metals. A num ber o f  the
investigators  d iscussed above have also exam ined the alkaline earth  m etals, 
no tab ly  barium , s trontium , calcium and m anganese . Cotton , F r isw e ll  and 
Jen k in s  (1971) exam ined  the supp ress ion  o f  soo t in p ro p an e  d iffu s ion  
flam es via the addition o f  Ba, Sr, Ca and Mg. Using gravim etric analysis, 
barium  w as found to be the m ost effective soot suppressan t,  fo llow ed  by 
strontium  and calcium. All three metals were reported  as effective  soot
suppressants  in flames that ranged from very  fuel rich to s ligh tly  oxygen 
rich. Barium was tested in concentrations that varied by a factor o f  nearly 
40 , and was found to  becom e increasingly  m ore e ffec tive  as the  metal
concen tra tion  was increased. M agnesium , the m o s t  uncharac teris t ic  o f  the 
a lka line  earth  m etals , was found to have no m easurab le  e ffec t  on soot 
e m is s io n s .
Table 1.2. Effects of alkali metals on soot emissions.





Soot promoting behavior 
in large concentrations (4).
Cs
Strong soot suppression. 
Decrease in soot diameter. 
Increase in soot number 
density (1,3,6,7).
Strong soot suppression. 
Decrease in soot diameter. 




Moderate soot suppression. 
Decrease in soot diameter. 
Increase in soot number 
density (1,3,6,7,8,9).
Moderate soot suppression. 
Decrease in soot diameter. 
Increase in soot number 
density (4,5,10).
Na
Weak soot suppression. 
Decrease in soot diameter. 
Increase in soot number 
density (1,6,7,8,9).
Moderate soot suppression. 
Decrease in soot diameter. 
Increase in soot number 
density (4,5,10).
Li Negligible effects (1,7,8,9). No flame studies.
1. Addecutt and Nutt (1969).
2. Cotton, Friswell and Jenkins (1971).
3. Bulewicz, Evans and Padley (1975).
4. Feugier (1978).
5. Haynes, Jander and Wagner (1979).
6. Ndubizu and Zinn (1982).
7. Bonczyk (1983).
8. Bonczyk (1986).
9 . Bonczyk (1988).
10. Bonczyk (1989).
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Shayeson (1967) reported on the reduction o f  je t  engine exhaust 
smoke with fuel additives. Barium containing fuel additives were found to 
reduce total soot emissions by 75 percent in test cell engines burning JP-5 
fuel and operating  at m ilitary pow er settings. The effectiveness  o f  the 
barium  additives increased with additive concentration , and was found to 
depend on engine loading conditions. Soot reduction was s ign if ican t at 
m ili ta ry  pow er settings, while only m oderate  reduction  was achieved  at 
normal rated engine operation. Addecutt and Nutt (1969) reported barium to 
be the most effective soot suppressant among the m etals exam ined in an 
e thy lene  counterf low  diffusion flame. Barium resulted  in a 13 percent 
reduction  o f  sm oke, while strontium , calcium  and m agnesium  produced  
reductions on the order o f  5 percent.
Salooja (1972B) examined the use o f  metallic catalysts for combustion 
contro l and reported  that a barium oxide coated probe inserted  in the 
primary reaction zone o f  an ethylene flame enabled 36 percent more fuel to 
be burned  sm oke-free. Strontium and calcium enabled s im ilar fuel en­
hancem ents, while manganese enabled less than a 10 percen t increase in 
fuel flow for smoke-free operation.
Bulewicz, Evans and Padley (1975) included alkaline earth metals in 
their research o f  soot formation in acetylene/air and propane/a ir  diffusion 
flames. Barium was found to be clearly the most effective soot suppressant 
in both the acetylene and propane flames. However, barium was approx­
imately three times as effective in the propane flame than in the acetylene 
flam e. The dependence on fuel type was also observed with the other 
alkaline earth m etals. Strontium yielded a 22 percent reduction in soot 
yields in the propane flame, but increased soot formation by 16 percent in 
the acetylene flame. Similarly, calcium exhibited soot reducing behavior
in th e  p ro p a n e  f la m e  and  p ro -s o o t  b e h a v io r  in  th e  a c e ty le n e  f lam e .
M agnesium  w as reported  to  increase soot form ation in both flam es. E lectron  
m ic ro g ra p h s  o f  co l lec ted  so o t  p ar tic le s  revea led  tha t the so o t  su p p re ss in g  
m e ta ls  b a r iu m  and s tron tium  reduced  both  p a r t ic le  d ia m e te rs  and  n u m b e r  
d e n s i t i e s .
H aynes , Jander  and W agner (1979) reported  the effects  o f  Ca, S r  and 
B a add ition  in  p rem ixed  e thy lene/oxygen  flam es. L a se r  ligh t sca tte r ing  and 
ex tin c tio n  m easu rem en ts  w ere u tilized  to record  spatia l d is tr ib u tio n s  o f  soo t 
par tic le  d iam ete rs  and n u m b er  densities. Barium  w as found to  be the m ost
effec tive  soo t suppressan t,  y ie ld ing  a decrease  in the so o t  partic le  d iam ete rs  
and an in c rease  in the n um ber  densities . S tron tium  resu lted  in  a d is tinc t 
reduction  in soot, w hile  calcium  was found to exh ib it  only w eak  suppression  
effects . F lam es seeded with strontium and calcium  resu lted  in decreased  soo t 
par t ic le  s ize  bu t  no  de tec tab le  change in n um ber  density .  F e u g ie r  (1978)
also  u ti l ized  optical m easurem ents  to  assess re la tive  changes  in  soo t vo lum e 
f r a c t io n s  r e s u l t in g  from  m e ta l  a d d i t io n  to  p r e m ix e d  e th y le n e /o x y g e n  
f lam es. B arium , s trontium  and calcium  all exhib ited  soo t reducing  behav ior .
T he  e ffec t iv en ess  o f  these m etals  increased  with add itive  co n ce n tra t io n  and 
fuel to oxygen  ratio.
N d u b izu  and Z in n  (1982) exam ined  the e ffec ts  o f  ba r iu m  on soo t 
fo rm a t io n  in  p o ly e th y le n e  d iffu s ion  f lam es. O p tica l  d en s i ty  and  g ra v i ­
m e tr ic  m e a s u re m e n ts  w ere  co m b in e d  w ith  t r a n s m is s io n  e le c t ro n  m i c r o ­
graphs to charac terize  the additive effects. B arium  w as found to reduce  the 
total am oun t o f  soot fo rm ed in flam es o f  different fuel to  a ir  ratios, w ith the 
e f fec t iv en e ss  in c reas in g  w ith  m etal concen tra tion . N o s ign if ican t  e f f e c t ,  on 
th e  soo t p a r t ic le  s ize  was found in barium  seeded  f lam es ,  bu t  the  so o t
partic le  num ber density  was decreased, w hich accounted fo r  the overall 
reduction in soot yields.
Bonczyk (1986, 1988) investigated the effects o f  alkaline earth metals
on soot suppress ion  in e thy lene /a ir  d if fus ion  flam es u ti l iz in g  n o n p e r­
turbing optical techniques. The effects of Ba, Sr and Ca on soot particle sizes, 
number densities, and volume fractions were assessed. Barium resulted in a 
90 percent reduction in soot emissions, and strontium resulted in a nearly 30
p ercen t reduction . The two m etals  b rought about reductions  in both 
particle diameters and number densities. Calcium produced no reduction in 
soot volume fraction. Bonczyk (1989) further studied the effects o f  alkaline 
earth metals in premixed ethylene flames. As opposed to the diffusion flame 
resu lts ,  the addition  o f  barium , s trontium  and calc ium  resu lted  in no 
significant effect on the soot yields in the premixed flames.
Ordzhonikidze, Fedotov and Sheinin (1988) investigated the reduction 
o f  soot em issions from diesel fuels. They examined diffusion burning o f  
liquid diesel fuel droplets and the influence o f  barium organic  additives. 
Barium additives were found to accelerate the oxidation or burnout o f  soot,
thereby decreasing the final yield of soot. The increased particle oxidation 
was attributed to an increase in particle surface area.
The effects o f  the alkaline earth metals on soot suppression reported 
in the literature are not as consistent as those o f  the alkali metals. Barium,
strontium and calcium generally reduce soot emissions in diffusion flames
by reducing the number density o f  soot. In the prem ixed flam e inves­
tigations, soot suppression by barium, strontium and calcium is associated 
with a reduction in soot particle diameters. Barium also has the additional
effects  o f  reducing partic le  diam eters in d iffusion flam es and increasing
soot number densities in premixed flames. This latter activity is similar to
effec ts  observed  w ith  the alkali metals. M agnesium  is apparently  the least 
e ffec tive  soot suppressant o f  the alkaline earth  m etals. The effects  o f  the 
a lkaline  earth  m etals  are summarized in Table 1.3.
1.2.3 M ain Transition Metals
S h ay eso n  (1967 ) ,  in a study  o f  soo t su p p ress io n  in j e t  eng ines ,  
ex am in ed  the m ain  transition  m etals  m anganese  and iron. O rganom eta ll ic  
c o m p o u n d s  o f  m anganese  and iron w ere  reported  to be am ong  the m ost 
e f fec t iv e  soo t suppressan ts  tested . A dditionally , the m an g an ese  com pound  
caused  no m a jo r  adverse  e ffec ts  on the te s t  eng ine  a f te r  100 h o u rs  o f  
operation . Cotton , Friswell and Jenkins (1971) exam ined  the suppression  o f  
soo t by forty-one metal com pounds, including the transition m eta ls  Cr, Mn, 
Fe and Ni. Gravimetric analysis o f  the total soot mass collected from propane 
d iffu s ion  f lam es revea led  no de tectab le  soot reduction  by iron o r  n ickel.  
M anganese  and chromium were both found to reduce soo t em issions  in near 
s to ich iom etr ic  f lam es, w ith  chrom ium  being  s ligh tly  m ore  effec tive .
G iovanni, e t  al. (1972) investigated the effects o f  m anganese  addition 
on par ticu la te  em issions  from a research  scale  gas com bustor .  M anganese  
y ie lded  a decrease  in soot particle size o f  approxim ately 50 percent, bu t an 
overall  increase in the total mass o f  particulate em issions. The increase  in 
the to tal m ass  o f  em iss ions  was a ttr ibuted to the ad d it io n  o f  m anganese  
o x id e s  to  the  e x h a u s t  s tream . F u r th e rm o re ,  e le c t ro n  m ic ro g ra p h s  o f  
c o l le c te d  p a r t ic le s  revea led  a s ig n if ican t  red u c t io n  in p a r t i c le  a g g lo m ­
era tion  in the m anganese seeded com bustor  em issions.
B u lew icz ,  E vans and P adley  (1975) exam ined  soo t suppress ion  v ia  
m eta l additives  in acetylene and propane diffusion flam es, inc lud ing  the
Table 1.3. Effects o f  alkaline earth metals on soot emissions.
M e ta l D iffu s io n  f la m es P re m ix e d  f la m e s
Ba
Strong soot suppression. 
Decrease in soot diameter. 
Decrease in soot number 
density  (1 ,2 ,3 ,6 ,7,8).
Strong soot suppression. 
Decrease in soot diameter. 
Increase in soot number 
density  (4,5).
S r
M oderate soot suppression. 
Decrease in soot number 
density  (2,3,7,8).
M oderate soot suppression. 
Decrease in soot diameter 
(4 ,5 ).
Ca
Weak soot suppression. 
Decrease in soot number 
density (2,3,7,8).
Weak soot suppression. 
Decrease in soot diameter 
(4 ,5 ,9 ).
Mg Weak soot enhancement 
(2 ,3 ).
No flame studies.
1. Addecott and Nutt (1969).
2 . Cotton, Friswell and Jenkins (1971).
3. Bulewicz, Evans and Padley (1975).
4. Haynes, Jander and Wagner (1979).
5. Feugier (1978).
6. Ndubizu and Zinn (1982).
7. Bonczyk (1986).
8. Bonczyk (1988).
9 . Bonczyk (1989).
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m etals  Cr, Mn, Fe and Ni. Iron was reported to yie ld  an e ight percent 
average reduction o f  soot emissions from acetylene and propane flames, as 
de term ined  by gravim etric analysis. Chromium, m anganese  and nickel all 
increased the total amount of soot generated.
Several studies have been made concerning the use o f  iron additives 
for the reduction o f  smoke in the com bustion o f  vinyl polym ers. Law son 
(1976) investiga ted  soo t suppression  by ferrocene  in poIy(v iny l a lcoho l) ,
PVA, and poly(vinyl chloride), PVC, com bustion. It was found tha t 0.4
p ercen t by w eigh t addition o f  ferrocene resu lted  in a 25 to 30 percen t 
reduction  in  optical density  o f  smoke generated during  both PVA  and PVC 
com bustion . Lecom te and co-workers (1977) also reported on the reduction
o f  sm oke by ferrocene during PVC combustion. At flame tem peratures from 
600 to 7 0 0 °C , fe rrocene  addition  decreased  sm oke em iss io n s  from  PV C
com bustion  by nearly 50 percent. The smoke suppressing  ability  o f  the 
fe r ro c e n e  w as found  to increase  w ith  in c re a s in g  c o n c e n tra t io n .  T he
authors noted that ferrocene derivatives are widely used in industria l PV C  
co m pounds  because  o f  the ir  s ign ifican t sm oke supp ress ing  ch a rac te r is t ic s  
d u r in g  co m b u s t io n .
F eu g ie r  (1978) considered  the effects  o f  m etal add itives  on  soot
s u p p re s s io n  in p rem ix ed  e th y len e /o x y g en  f lam es  by u t i l iz in g  o p tica l
tran sm iss io n  m easurem ents  to de term ine  re la tive changes  in  soo t vo lum e 
fractions. The metals manganese, iron and nickel w ere  found to have no 
s ign if ican t effect on soot emissions. Furthermore, oxygen was injected into 
the  p rim ary  zone o f  carbon form ation in flam es w ith  and w ithou t added 
m an g an ese ,  y ie ld ing  no s ign if ican t change in so o t  p ro f i le s  w ith  oxygen
a d d i t io n .
Sam uelson, e t al. (1983) investigated the effects o f  fuel additives on 
soo t fo rm ation  in a sw irl-s tab ilized  centerbody com bustor .  Both optical 
techniques and soo t partic le  sam pling were utilized to assess fuel additive 
e ffec ts  on the physical and chemical properties  o f  soot. F errocene  was 
added to JP -8 , which is a chemically complex shale derived fuel, iso-octane, 
and blends o f  iso-octane with either decalin, to luene, te tra lin  o r  1-m ethyl- 
naph tha lene , such that smoke points s im ilar to JP -8 w ere achieved. The 
addition o f  ferrocene was found to increase the soot em issions  from the 
te tra lin  and 1-m ethylnaphthalene blends, decrease soot em iss ions  from the 
JP -8 flam es by 60 percent, and have no significant effect in the remaining 
blends. Chemical analysis o f  sampled soot particles revealed that ferrocene 
had no significant effect on the quantities and types o f  polycyclic  aromatic 
h y d ro c a rb o n s  p re s e n t .
M cCabe and S inkev itch  (1986) perfo rm ed  a labora to ry  com bustion  
study o f  soot particulates collected from engines burning diesel fuel blended 
with metal additives. Mn-Cu additives were found to  decrease soot ignition 
temperatures by as much as 250°C .
Bonczyk (1986) investigated the effects o f  fuel additives in sooting  
e th y le n e /a i r  d if fu s io n  f lam es. L ig h t  sca tte r in g  e x p e r im en ts  w ere  p e r ­
fo rm ed to  determ ine the effects o f  m anganese and iron addition  on soo t 
particle size and number density as a function o f  position in the flame. Iron 
w as found to have an insignificant influence on soot partic le  d iam eters  at 
all f lam e loca tions .  H ow ever, iron generally  resu lted  in inc reased  soo t 
num ber densities, especially at higher positions in the flame. The rise in 
p a r t ic le  n u m b e r  d en s it ie s  accoun ted  fo r  the inc rease  in so o t vo lym e 
fractions , w hich were enhanced  by more than 75 percen t at the h ighest 
positions . The addition o f  m anganese  p roduced  results  s im ila r  to iron.
B o n czy k  p e rfo rm e d  fu r th e r  l ig h t  sca tte r in g  m e asu re m en ts  in a p re ­
v aporized  iso -oc tane /to luene  f lam e w ith  and w ithout fe rrocene  addition . 
The ferrocene resulted in a decrease in both soot particle size and num ber 
density , reducing  the final soo t volum e fractions by an average o f  50 
percent. The soot suppressing behavior o f  ferrocene was observed only at 
h igh  flam e positions.
Bonczyk (1989) also conducted an in-depth study o f  the addition o f  
ferrocene to prevaporized  iso-octane/a ir  diffusion flam es. In addition to 
the use o f  light scattering techniques to infer soot particle d iam eters and 
num ber densities, chemical analysis was performed on the solid soot eff lu ­
ents. The addition o f  ferrocene was found to increase the soot particle 
d ia m e te rs  by ap p ro x im ate ly  10 percen t ,  w hile  e i th e r  in c re a s in g  or 
decreasing  the particle num ber densities at various positions, resulting in 
an overall increase in soot volume fractions at all positions by an average of 
nearly  50  percent.
Ritrievi, et al. (1987) investigated the effects o f  ferrocene addition on 
soot form ation  in premixed ethylene flames utiliz ing  ligh t sca tte r ing  and 
soot partic le  sam pling. Ferrocene was found to increase  soo t partic le  
diameters at most flame positions in both lightly sooting and heavily sooting 
flames, the exception being at distances less than 6 mm above the burner, 
w here the ferrocene seeded flames exhibited slightly reduced soot partic le  
diameters. In the lightly sooting flames, ferrocene resulted in an increase 
in the num ber densities by a factor o f  nearly two at all heights. In the 
heavily sooting flames, the number densities o f  the ferrocene seeded flames 
were increased only at lower heights and reduced at higher flame heights. 
The total soot yields, as measured by the soot volume fractions, were greater 
in the ferrocene seeded flames at all heights, in both the lightly sooting and
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heav ily  sooting flames. The soot enhancing behav ior  o f  ferrocene was 
fo u n d  to in c re ase  w ith  both  inc reas ing  fe rrocene  c o n c e n tra t io n  and 
decreasing  fuel/oxygen ratio. Ritrievi also considered the specific surface 
grow th rates o f  the soot particles. In all flames examined, ferrocene was 
found to in itia lly  decrease surface growth rates, bu t to increase  surface 
grow th rates a t higher heights above the burner surface.
Arbour (1988) studied the influence of iron on the formation o f  soot 
during benzene pyrolysis u tiliz ing a conventional shock tube. Iron penta- 
carbonyl was found to increase the total soot yield, with little change in 
induction time or rate o f  formation realized. Mitchell (1991) examined the
effects  o f  the addition o f  ferrocene and ferrocene deriva tives  on smoke 
reduction from burning crude oil. The addition o f  4 percent by weight of
ferrocene  was reported  to reduce soot em issions by 93 percen t,  while 
ferrocene derivatives also produced sim ilar reductions.
The literature concerning the effects o f  the main transition  m etals 
on  soot emissions reveals often disparate behavior. Iron addition was found 
to  y ie ld  both soot enhancing and soot suppressing effects within diffusion 
flam es. Iron and m anganese were reported to  suppress soo t in actual 
combustors, but tend to promote soot in laboratory studies. A summary of
the effects o f  the main transition metals on combustion and soot emission is
presented in Table 1.4.
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Table 1.4. Effects o f  main transition metals on soot emissions.
M e ta l D if fu s io n  f la m es P re m ix e d  f la m es O th e r  c o m b u s to rs
Fe
Strong soot suppression 
in vinyl polymer flames, 
and crude oil burning. 
Strong soot promotion 
via increase in number 
density  (2 ,4 ,5 ,8 ,10,11)
Mild soot promotion, 
dependent on fuel. 
Increase in soot size 
and number density 
(9 ).
Strong smoke sup­
pression in jet 




M ild soot suppression. 
Strong soot promotion 
via increase in number 
density (2,3,8).
No effect (6). Strong smoke sup­
pression in jet 
engines and gas 
turbines (1).
Ni Weak soot promotion (2,3). No effect (6). No studies.
C r Mild soot suppression. 
Mild soot promotion (2,3).
No studies. No studies.
1. Shayeson (1967).
2. Cotton, Friswell and Jenkins (1971).
3. Bulewicz, Evans and Padley (1975).
4. Lawson (1976).
5. Lecomte et al. (1977).
6. Feugier (1978).
7. Samuelson, et al. (1983).
8. Bonczyk (1986).
9. Ritrievi, et al. (1987).
10. Bonczyk (1989).
11. M itchell (1991).
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1.3 Flame Chemistry of Metal Additives
An im portan t s tep  in de term in ing  the m ech an ism s  th rough  w hich 
m etal add itives  may affect soot em issions is the unders tand ing  o f  f lam e 
chem istry  in the presence o f  metal com pounds. The f lam e chem istry  o f  
metal additives will be presented in the order o f  alkali, alkaline earth  and 
m ain  transition metals. The flame chem istry  o f  all three m etal groups is 
subsequently  summarized in Table 2.5.
1.3.1 Alkali Metals
Jam es and Sugden (1955) investigated the effects o f  alkali metals  in 
p rem ixed  hydrogen /oxygen  flam es u ti l iz ing  pho tom etr ic  m e thods . P h o to ­
m etric ,  also called  spectrophotom etric , techniques rely on the in tensity  o f  
em itted  resonance  radia tion. This method can provide  in fo rm ation  about 
the chem ical reactions o f  a metal with hot f lam e gases, in par t icu la r  the 
formation o f  metal hydroxides. James and Sudgen reported that the majority 
o f  added lithium was present as stable L iO H  m olecules, resulting from the 
reaction Li + OH LiOH. All added sodium was reported to be present as free 
atoms, and the formation o f  NaOH was deem ed negligible. The results  for 
cesium  and potassium were found to fall between the results for lithium and 
sodium , w ith  both metal hydroxides and free atom s accoun ting  fo r  m etal 
containing species. James and Sugden concluded that the reaction A + OH -*  
A O H , w here  A is an alkali m etal,  appea red  to be th e rm o d y n am ica lly  
equilibra ted  in the hotter flames (>2000 K), bu t becam e "progressively  and 
very  m arkedly" incom plete at low er flame tem peratures. A dditionally , they 
reported  that fo r  cesium  only, ion ization  o f  the m etal accoun ted  fo r  a 
substantial fraction o f  total metal present.
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The ionization o f  metals in flames has itself been the focus o f  much 
research . K new stubb  and Sugden (1958) reported  on m ass-spec trom etr ic  
o b se rv a tio n s  o f  ions in f lam es, hav ing  investiga ted  the  e ffec ts  o f  the 
addition o f  Li, Na, K and Cs to premixed hydrogen and air flam es. The 
expected peaks o f  the simple ions Li+, N a+, K+ and C s+ appeared  strongly . 
Padley and Sugden (1962) studied the production and recom bination o f  ions 
and  e le c t ro n s  f ro m  m e ta l  a d d i t iv e s  in p re m ix e d  h y d ro g e n /o x y g e n ,  
h y d ro g e n /o x y g e n  p lu s  one  p e r c e n t  a c e ty le n e ,  and  a c e ty le n e /o x y g e n  
flames. The equilibrium ionization o f  an alkali metal, A, can be expressed 
by the Saha equation (Fowler, 1936)
si=i(T), (i.i)
w here  [A +], [e-] and [A] are concentrations o f  m etal ions, e lectrons and 
metal atoms, respectively, and I(T) is the ionization cons tan t a t tem perature 
T. Padley and Sugden found that sodium ionization in the hydrogen/oxygen 
f lam e w as no t fu lly  equ ilib ra ted  as p red ic ted  by the  Saha eq u a t io n .  
H owever, it  was found that equilibration was rapidly obta ined in the one 
pe rcen t  ace ty lene  hydrogen /oxygen  flam e and in the ace ty len e /a ir  flam e. 
The reac tion
H 30 + + N a - » H 20  + H  +  Na+ (1 .2 )
was proposed as the dom inant ionization path in the la tte r  tw o  flames, and 
cited as the reason fo r  the rapid equilibration that was observed.
H o llander ,  K a lf f  and A lkem ede (1963) com pared  the experim en ta l 
ionization rates o f  the alkali metals Na, K  and Cs with predictions based on 
the  S ah a  e q u a t io n  in  ca rb o n  m o n o x id e /o x y g e n  f la m e s  o v e r  f la m e
tem pera tu res  from 2200 to 2450 K. They found a time lag between the 
m easured results and those predicted by the Saha equation, and concluded 
the rate constants o f  ionization were not infinitely large com pared to the 
time scale o f  the flame and/or the flame gases were not fully equilibrated.
Jensen and Padley (1966) investigated the k inetics  o f  ion ization o f  
a lka li m e ta ls  in p rem ixed  hydrogen/oxygen flam es. They u ti l iz ed  the 
m icrow ave cavity  resonance technique and photom etric  m ethods to  study 
the ionization o f  Li, Na, K, Rb and Cs at flame temperatures ranging from 
2000 to 2500 K. It was concluded that ionization o f  all the metals followed the 
r e a c t i o n s
A A+ +  e* (1 .3 )
X + A  A + +  e- + X, (1 .4 )
where X represents any flame gas molecule, and that the activation energy 
is equal to the ionization potential of the metal. Ionized metals were found 
to account for approximately ten percent o f  the total metal concentration. 
A d d it io n a l ly ,  it was reported  tha t m e ta ll ic  h y d ro x id e  fo rm a tio n  was 
confirm ed to take place principally through
A  +  H 20  <-4 A O H  + H, (1 .5 )
r a th e r  than
A +  OH +  X  <-» A O H  +  X. (1 .6 )
Graham and Goodings (1984) (Goodings and Graham, 1984) studied the 
role o f  m etallic  ions in the reduction of C 3 H 3 + in fuel rich  m ethane 
/acety lene/oxygen flames. They m easured the m ajor m etallic ion profiles
as a function o f  height above the burner surface for the alkali metals Cs,
Rb, K, Na and Li. The major ionic species for all five alkali m etals  was the 
atom ic ion A + . Cesium clearly  possessed the fastest rate o f  ion ization  and 
p roduced  the la rgest concentra tion  o f  ions. The m axim um  concen tra tion  o f  
C s+  ions was obtained within the reaction zone. M axim um  profiles  o f  R b+
and K+ ions  occurred  betw een 1 and 2 mm above the reac tion  zone, in
concen tra tions  approxim ate ly  75 and 50 percen t o f  C s+ , respectively . Na+ 
and L i+ ion ization  rates w ere s ignificantly  s low er than the p reced ing  three 
m etals  and yie lded ion concentrations less than 20 percen t o f  those recorded 
in the cesium  seeded flame. It was noted that the concentrations o f  metallic  
ions  w ere  com parab le  o r  g rea te r  than the concen tra tions  o f  na tu ra l f lam e
io n s .
The literature  concern ing  the flam e chem istry  o f  the alkali m eta ls  is
in exce llen t  agreem ent, and m ay be sum m arized as fo llows. T h e  p red o m ­
inant m etal contain ing  species o f  alkali metals in flam es are free atoms and 
metal hydroxides. A tomic ions, A+, account for nearly all the m etall ic  ions 
and the ion ization  process is governed by Reactions (1 .3) and (1.4). As
ex p ec ted ,  the ion iza tion  activ ity  o f  the alkali m e ta lc co rresp o n d s  c lose ly  
with the ionization potentials , with both the rate o f  ionization and the total
ion co ncen tra tions  inc reas ing  sharply  w ith decreasing  ionic  po ten tia l .  The 
therm al ion ization  process o f  the alkali m etals  is a rela tive ly  s low  process
w hich m ay resu lt in ionization rates com parable  to flam e tim e scales, and 
no n eq u i l ib ra ted  ion  concen tra tions . This behav io r  has been  d em onstra ted
w ith sodium  and lithium , w hich have the greatest ionization energ ies o f  the 
alkali m eta ls  considered  here.
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1.3.2 Alkaline Earth Metals
Sugden and W heeler (1955) were among the first to publish results 
pertaining to the ionization of alkaline earth metals in flames. It was noted 
tha t the ionization process o f  the alkaline earth metals is com plicated in 
com parison to the alkali metals. The primary metallic ion species were 
found to be BaO H + , CaO H + and SrOH+ . and all were reported to be in 
e q u i l ib r iu m . K new stubb  and Sugden (1958) used  m a ss -sp e c tro m e tr ic  
m easurem ents  to determine ionization species in premixed acetylene flames. 
Small peaks were observed which corresponded to Sr+ , but s tronger peaks 
appeared which correlated with the ion SrOH+ .
Schofield and Sugden (1965) studied the ionization o f  alkaline earth 
m etals in flames. Photometric methods and mass spectrometry were utilized 
to  de te rm ine  the m echanism s o f  ion ization  o f  calc ium , s tron tium  and 
barium  in prem ixed hydrogen/oxygen flames. S r+ and SrOH + both were 
found to develop quite rapidly downstream of the reaction zone and to pass 
through maxima. The concentration o f  SrOH + was much greater than that 
o f  Sr+ . They proposed the chemi-ionization process
A +  OH <-> A O H + + e- (1 .7 )
o r  eq u iv a len t ly
A O  + H  A O H + + e* ( 1 . 8 )
because o f  the balanced reaction
A  +  OH <-»AO + H, (1 .9 )
as the primary ionization mechanisms. A secondary ionization mechanism 
was suggested as
A O H + + H  A + + H 20 .  (1 .1 0 )
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They also reported that only a few percent o f  the added alkaline earth  atoms 
were present as free atoms in the gases, notably less for barium.
Jensen  (1968) fu rther  investigated  the ion iza tion  o f  the a lka line  
earth  m e ta ls  calc ium , s trontium  and barium in hyd rogen /oxygen  f lam es 
u ti liz ing  the m icrow ave cavity resonance m ethod. The sim ple ionization 
o f  the alkaline earth atoms through reactions such as (1.3) and (1.4) was 
ruled out. Ionization o f  the alkaline earth metals was determined to occur 
th ro u g h  the chem i- ion iza tion  p rocesses  o f  R eac tion  (1 .7 ) ,  and it was 
a ssum ed  th a t  the concen tra tion  o f  A OH + was much grea te r  than the 
concentration o f  A+ .
H ayhurst and Kittelson (1974A, 1974B) performed a detailed study o f  
the  ion iza tion  o f  the a lkaline earth  m eta ls  calc ium  and s tron tium  in 
hydrogen and oxygen flames. They utilized mass spectrom etry to measure 
ion concentrations as a function o f  height above the burner surface, over 
temperatures ranging from 1800 to 2500 K. The concentration o f  CaOH+ was 
found to rise very rapidly to a maximum value a short d istance from the 
reac tio n  zo n e ,  from  w hich po in t it rem ained  fairly  c o n s tan t .  The 
concen tra tion  o f  Ca+ decreased steadily from the reaction zone, with values 
being approxim ately five percent o f  the CaO H + concentration. Ions were 
reported  to orig inate  through Reactions (1.7) and (1.8). H ayhurs t  and 
K itte lson also considered the uncharged metallic species, controlled  by the 
balanced reactions (Schofield and Sugden, 1965; Cotton and Jenkins, 1968):
A + H 20  A O H  +  H  
AOH  + H 20  <r± A(OH)2 +  H ( 1. 12)
( 1. 11)
A  +  H 20  h  A O  + H 2 
H 2 + OH  H 20  + H.
(1 .1 3 )
( 1. 14)
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It was concluded that ionization accounted for a negligible fraction o f  the 
total m etal added. The principal metal conta in ing  species, where A is 
calcium or strontium, were found to be A{OH)2 and AOH, which accounted 
for greater than 90 percent o f  the total metal added. A(OH)2 and AOH were 
p resen t in approxim ately  equal concentrations, with A O H  being dom inant 
n ea r  the reac tion  zone and A (O H )2 being the p rincipal spec ies  well 
d o w n s t r e a m .
Jensen and Jones (1978) also studied the flam e chem istry  o f  the 
alkaline earth  m etals calcium, strontium and barium . T heir  results w ere
based  on  pho to m etr ic  m easurem en ts  in  fu e l- r ich ,  p rem ix ed  h y d ro g en  
/oxygen  flam es over the tem perature range 1800 to 2600 K. Species
concentrations were measured 30 mm above the prim ary reaction zone, and 
revealed that 2 percent o f  the total calcium, 3 percent o f  the total strontium,
and 0.1 percent o f  the total barium were present as free atoms. It was also
reported  that 0.3 percent of calcium, 1.3 percent of s trontium , and 17 
percent o f  barium existed as AO. Thus the assumption that alkaline earth 
metals exist in some form other than A or AO was confirmed. Ninety-five 
percent of the total calcium added was determined to exist as the species AOH 
and  A (O H )2 . Similarly, 87 percent o f  the strontium and 74 percent o f  the 
barium  existed as e ither AOH o r  A (OH )2 . be ing  d iv ided  approx im ate ly  
equally. The fraction of ionized metal was found to be 2.5 percent o f  the 
total calcium added, 8 percent of added strontium, and 10 percent o f  added 
barium. A O H + was the dominant ion for all three metals, with A+ accounting 
for less than 2 percent o f  the metallic ion species. Jensen and Jones also 
considered the influence o f  the alkaline earth  metals on the recom bination 
o f  the flame radicals H and OH. They proposed the following flame radical 
recom bination  mechanisms for barium, strontium and calcium :
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A O  + H 20  -> A (O H )2 
A(OH)2 +  H  - » a o h  + h 2o  
A O H  +  H  - » A O  +  H 2. (1 .1 7 )
(1 .1 6 )
( 1. 15)
The additional cycle was proposed for calcium only,
H  +  H 20  O H  +  H 2 
AfOHfc + H  - > A 0 H  +  H 20  
A O H  + O H  ->  A(OH)2 .
(1 .1 8 )
(1 .1 9 )
( 1.20 )
Goodings and Graham (1984) investigated the role o f  metallic  ions in 
fu e l- r ich  m e th an e /ace ty len e /o x y g en  f lam es. Ion iza tion  m e ch an ism s  d i f f ­
eren t than R eactions (1.7) and (1.8) were proposed. The concentra tion  o f  
natural flame ions o f  the form Q c H y O zH + , notably H 3 0  + , were reported to 
ex is t  in concen tra tions  com parable to the metallic  ions. They  found that 
H 3 0 + concen tra tions  were larger and grew fas te r  than C aO H + c o n c e n ­
trations both within and following the reaction zone. The following chemi- 
ionization processes were proposed for the alkaline earth metals:
where X is any third body. The above reactions were proposed because most 
o f  the m etallic  compounds have greater proton affin ities  than m ost o f  the 
flam e neutra l interm ediates, G oodings and Graham also noted  tha t M g+ 
accounts for the majority o f  the magnesium ions, because the reaction
h 3o + +  a o h  - > a o h 2+ + h 2o
H 30 + +  A(OH)2 ->  A(OH)2H + +  h 2o  ,
( 1.2 1 )
( 1.2 2 )
fo llow ed by
A O H 2+ +  X  A + +  H 20  +  X  
A(OH)2H + + X  <-> A O H + +  H 20  +  X,
(1 .2 3 )
(1 .2 4 )
A O H + +  H  <-» A+ +  H 20 (1 .2 5 )
is tw o orders  o f  m agnitude faster for m agnesium  than for the o th e r  alkaline 
ea r th  m e ta ls .
G raham  and G oodings (1984) also considered the reduction  o f  C 3 H 3+ 
by  th e  a lk a l in e  ea r th  m e ta ls .  In fu e l- r ich  m e th a n e /a c e ty le n e /o x y g e n  
flam es, it was reported that C 3H 3+ was the dominant flame ion. The alkaline 
ea r th  m e ta ls  strontium , calc ium  and m agnesium  w ere all found to s ligh tly  
reduce  the concentra tions  o f  C 3 H 3 +. Barium, however, was found to s ign i­
f ica n t ly  reduce  the  co n ce n tra t io n  o f  C 3 H 3 + , e s s e n t ia l ly  e l im in a t in g  it  
within 0.5 mm o f  the reaction zone. The reduction o f  C3H 3+ was attributed to 
e le c t ro n - io n  reco m b in a t io n  v ia
C 3H 3+ + e* —> C 3H 2 +  H, ( 1 .2 6 )
w h e re  the  m e ta l  a d d i t iv e s  c o n t r ib u te d  to the  in c re a s e  in  e le c t ro n  
c o n c e n t r a t i o n .
T he f lam e chem is try  o f  the a lka line  earth  m e ta ls  is c o n s id e ra b ly  
m o re  co m p lex  than  fo r  the  alkali m e ta ls ,  ye t  the  l i te ra tu re  is qu ite  
con s is ten t  and may be sum m arized as fo llows. The p redom inan t m eta ll ic  
com pounds  are AOH and A (O H )2 , with little metal existing as free atoms or 
A O. The ion iza tion  o f  the  alkaline earth  m etals  is th rough  the  chem i-
io n iz a t io n  R eac tio n s  (1 .7) and (1 .8 ), a l though  R eac t io n s  (1 .21 )  th rough  
(1 .24) m ay also  be im portant. It has also been proposed  th a t  the  alkaline
e a r th  m e ta ls  s t im u la te  f lam e rad ica l r e c o m b in a t io n  and c o n t r ib u te  to 
e lec tron -ion  recom bination  o f  natura l f lam e ions such as C 3 H 3 + . Sugden
(1965)  and M ille r  (1973) have rev iew ed the e lem en tary  c o m b u s t io n  reac ­
tions  invo lv ing  charged  species, p rovid ing  cons iderab le  detail to the  m any 
ion iza tion  p rocesses  w hich occur in flames.
1.3.3 Main Transition Metals
The flam e chem istry  o f  the m ain  transition elem ents  has  no t been
researched as thoroughly as for the alkali and alkaline earth  m etals . The 
apparen t lack o f  in terest in the main transition elements is a resu lt o f  an 
early  research focus on flam e ionization processes, w hich are significantly  
in f luenced  by the alkali and a lkaline earth  m e ta ls  bu t are p rac t ica l ly  
u naffec ted  by the main transition metals. H ow ever, the m ain  transition  
e lem ents , due to  the ir  dem onstrated  ability  to reduce soot em issions  from 
a c tu a l  c o m b u s t io n  sy s tem s , hav e  rece iv ed  c o n s id e ra b le  a t te n t io n  in
research dealing with metallic additives and soot formation.
B u lew icz ,  E vans  and Padley (1975) reported  no  s ig n if ic a n t  ion 
concen tra tions  in ace ty lene/oxygen flames seeded with the m ain  transition
elem ents  Cr, Mn, Fe and Ni. The ionization concentra tion  o f  chrom ium ,
w hich has the sm allest ionization potential o f  the four transition  m etals ,
was found to be approximately one order o f  magnitude less than those of the
alkaline earth metals Ca, Sr and Ba, and two to three orders o f  magnitude less
than those of the alkali metals.
Hayhurst and Jones (1989) examined the effects o f  m etallic  additives 
on ion iza tion  in  prem ixed ace ty lene/oxygen flam es. M anganese  addition
was found to a ffect ion concentrations only slightly when com pared to the
unseeded flames, y ie ld ing  values nearly two orders o f  m agnitude less than 
the ion concen tra tions  produced by the alkali and a lka line  earth  m etals
sodium and strontium. Bonczyk (1986), in his study o f  soot suppression by 
ferrocene in ethylene diffusion flames also concluded that little enhanced 
ionic activity was associated with flames seeded with iron additives. Padley
and Sugden (1959) studied the flame chem istry  o f  m anganese in prem ixed
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h y d ro g e n  and  o x y g en  f lam es  and d e te rm in e d  th a t  M nO H  w as the  
p red o m in an t  metal con ta in ing  species.
Bulew icz and Padley (1971) investigated the cataly tic  effect o f  metal 
add itives  on free radical recom bination rates in prem ixed hydrogen /oxygen  
f lam es. They  noted that metal additives do  not s ign if ican tly  m odify  the 
neu tra l  f lam e-gas  chem istry  i f  the to tal m etal atom concen tra tion  is less 
than 10-5 mol fraction o f  the total flame gases. It was demonstrated that for 
h ig h e r  additive concentra tions, certain  m etals  caused a considerab le  ca ta l­
ytic e ffect on the radical recom bination rate. For exam ple, chrom ium  was
reported  to  s ignificantly  catalyze the recom bination  reac tions
where X is a third body. The metals manganese and iron were also found to 
have a substantial ca taly tic  effect on radical recom bination. Both he te ro ­
gen eo u s  ca ta ly s is  by solid  oxide  p ar tic le s  and h o m o g en eo u s  g as -p h ase  
m echanism s were discussed, but no definite scheme was proposed.
G iovanni, e t al. (1972) exam ined soot em issions from a m odel gas 
turbine com bustor and the effects o f  manganese additives. From analysis o f  
particles and gaseous emissions, it was concluded that the metal was present 
in the form o f  manganese oxide particulates, namely M n20 3  and Mn3C>4 .
The hom ogeneous nucleation o f  metal vapors o f  iron and lead was 
investigated in a series o f  shock tube experiments (Freund and Bauer, 1977; 
F rurip  and Bauer, 1977A, 1977B; and Bauer and Frurip, 1977). Iron was 
supplied  by the unim olecular decom position o f  iron pentacarbonyl. It was 
estim ated  tha t at 1500 K, the half-life  for com plete  s tr ipp ing  o f  the CO 
groups  was less than one nanosecond. The concen tra tion  o f  iron atoms
H  +  H  + X  - ) H 2 + X  
H +  O H  +  X  - > H 20  +  X ,
(1 .2 7 )
(1 .2 8 )
under typical incident shock conditions was concluded to  be sufficien tly
supersaturated  to condense. The experiments revealed that at a moderate
supersaturation , the time for complete condensation o f  iron vapor was of
the o rder  50 microseconds. An empirical relationship for the tem perature
dependence o f  the critical supersaturation ratio for the onset o f  very rapid
condensation from iron vapor to "liquid" clusters was developed.
Fen im ore  and Jones (1967) investigated the oxida tion  o f  soot in
prem ixed e thy lene/oxygen flam es and the effects  o f  m anganese  addition. 
Soot con ta in ing  one percent manganese by weight was found to  increase
the rate o f  carbon oxidation to carbon monoxide and carbon dioxide by
approximately 20 percent. Since the catalysis occurred only in  flame gases 
hav ing  apprec iab le  oxygen equilibrium  pressures,  the ca ta ly t ic  reac tion
was reported to probably be an oxidation by oxygen.
Lecomte, et al. (1977) and Michel, et al. (1983) reported similar results
from studies on the effects of iron additives on soot suppression in poly
(vinyl chloride) combustion. Experimental results led to the conclusion that
as an ox ida tion  catalyst, the iron oxide F e2 C>3 s trong ly  enhanced  the 
percentage o f  carbon oxidized and contributed to the observed decrease in 
soot form ation.
Bonczyk (1989) performed a detailed gas chromatographic analysis of 
flam e species sampled from prevaporized iso-octane d iffusion flam es both
unseeded and seeded with ferrocene. The mol fractions o f  nineteen species,
including CH4 , C2H 2, H2 , O2, CO, and CO2, were measured at various heights in
the flame. Ferrocene addition was reported to yield no significant pertur­
bation o f  the species mol fractions. The exceptions were a decrease o f  
nearly 10 percent in C2 H 2 , and an approximately 75 percent increase in H 2 .
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B o n c z y k  su g g e s te d  the  en h a n c e m e n t  o f  C 2 H 2 o x id a tio n  by  fe r ro cen e  
add ition  as an explanation  for the reported species perturba tions.
R it r iev i  and co-w orkers  (1987) investigated  the e ffec ts  o f  fe rrocene
ad d it io n  in  p rem ixed  e thy lene /oxygen  f lam es. U sing  M o ssb au e r  sp e c tro ­
scopy, the chem ical state o f  iron present w ithin soot partic les  sam pled  well
dow nstream  o f  the reaction zone was determined to be metallic  iron. It was 
fu r th e r  hypo thesized  tha t very early  in the flam e p rio r  to soo t incep tion , 
iron would nucleate as the iron oxide FeO.
I t  is apparen t from  the  li te ra tu re  that the f lam e ch em is try  o f  the 
m ain  transition elem ents is not yet completely understood and is a subject of 
con tinu ing  research , inc luding  the present study. It is clear, how ever,  that
the main transition  elem ents  have no significant e ffec t on f lam e ionization
p rocesses .  T he  f lam e chem is try  o f  the a lka li,  a lka line  ea r th  and m ain  
transition m etals  is summarized in Table l.S.
Table l.S. Dom inant metallic species associated with metal additives.
A lk a l i A lka l ine  ea r th M ain  t r a n s i t io n
M e ta l l i c
s p e c i e s
I o n i c





A xO y 
i n s i g n i f i c a n t
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1.4 Soot Formation and Growth Processes
P r io r  to  d is c u ss in g  the  ac tual m ech an ism s  th ro u g h  w h ich  m etal
additives  may affect soot em issions, it is instructive to review the principles  
o f  soo t fo rm ation  in hydrocarbon flames. Fundam ental p rocesses  w hich are 
assoc ia ted  w ith  soo t form ation in flam es are nucleation , coagu la tion , grow th 
and agglom eration . No attem pt will be m ade to review in detail the above
p ro cesse s ,  bu t  ra th e r  a b r ie f  sum m ary  o f  each will be p re sen te d  with 
em phasis  g iven to elucidating  the m echan ism s o f  soot reduction  v ia  m etal
a d d i t iv e s .
Soot nucleation is the first step in soot formation and is perhaps the 
m ost com plex  and least unders tood. N ucleation may be descr ibed  as the 
tran s fo rm a tio n  o f  inc ip ien t soo t from a m olecu la r  system  to a par ticu la te  
system . The tw o most com m only  proposed nucleation schem es are: grow th
o f  a ce ty le n es  and p o ly ace ty len es  by f lam e rad ica ls  and  the su b se q u e n t
fo rm atio n  o f  po lycyc lic  a rom atic  h y d rocarbons ,  and an ion ic  m echan ism
invo lv ing  grow th  by fast ion-m olecu le  reactions.
H om ann (1967) proposed the fo llow ing m echanism  for  the form ation  
o f  po ly ace ty len es  in the low er aliphatic  fuels, inc lud ing  propane. In the 
early  p a r t  o f  the  reac tion  zone, unsatu ra ted  hydrocarbons  such as C 3 H 6 , 
C 4 H 6 , C3H 4 and C4 H 4 are formed. As the flame temperatures rise, acetylene
and the polyacety lenes C 8H 2 and C 10H 2 appear. Flame radicals such as C2H ,
CH and CH 2 then  provide for growth o f  the polyacetylenes. H om ann and 
W a g n e r  (1 9 6 7 )  e x p la in e d  the  t r a n s fo rm a t io n  from  the  la rg e  c h a in  
s t r u c tu r e s  o f  th e  p o ly a c e ty le n e s  to the  p o ly c y c l ic  c a rb o n  s t ru c tu re  
assoc ia ted  w ith  soot, by suggesting  the possib ili ty  o f  rad icals  a t tack ing  a 
p o ly a ce ty len e  m olecu le  to crea te  a b ranched  chain  p o ly a ce ty len e  rad ical.
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They proposed that the branched radicals will add further polyacetylenes or 
hydrocarbons w ithout losing their radical charac ter  and subsequen t "ring 
c lo su res  are easily  im aginable ,"  w hich would account fo r  the reactive 
polycyclic  aromatic hydrocarbons identified as soot precursors.
Howard (1969) was one o f  the first to propose an ionic mechanism of 
soot nucleation. A physical model for carbon form ation was developed 
assuming that positive ions serve as nuclei. In a critical review o f  flame 
soot nucleation mechanisms, Calcote (1981) provided a detailed description 
o f  the  chem ica l sequences  leading  to  soo t fo rm ation  in vo lv ing  ionic 
mechanisms. Calcote identifies the dominant ion as H3 0  + in near s toichio­
metric and lean flames, and C 3H 3+, possibly C2H 3+, as the dominant ions in 
rich flames. The following soot nucleation mechanisms were proposed. The 
appearance o f  the prim ary ions would be followed by the form ation  o f  
C 2H lv+ ions from the primary ions and C^Hy building blocks, represented by 
the fast ion-m olecule reactions:
C 3H 3+ + C 2H 2 ->  C5H 3+ + H 2 
C 3H 3+ + C 2H  C 5H 3+ +  H 
C 3H 3+ + C 4H 2 ->  C 5H 3+ + C 2H 2 
c 3h 3+ + c 4h 2 - > c 7h 5+ 
c 3h 3+ + c 6h 2 c 9h 5+,
(1 .2 9 )
(1 .3 0 )
(1 .3 1 )
(1 .3 2 )
(1 .3 3 )
C 2H 3+ + C 2H 2 - > c 4h 5+, (1 .3 4 )
H 30 + +  C4H2 C4H3+ +  H20  
h 3o + +  c 6h 2 ->  c 6h 3+ +  h 2o  
h 3o + +  c 8h 2 c 8h 3+ +  h 2o .
(1 .35 )
(1 .3 6 )
(1 .3 7 )
All o f  the above reactions are exotherm ic. The next step is the grow th to 
la rger  ions by further addition o f  Q cH ^ building blocks to the C rH * .*  ions 
produced  above. Typical reactions o f  this step are:
C 7H 5+ + C 2H 2 - »  C 9H 7+ 
C 9H 7+ +  C 2H 2 C u H 7+ +  H 2
(1 .3 8 )
(1 .3 9 )
C n H 7+ +  C H 2 ->  C 12H 9+ 
C 9H 7+ +  C 4H 2 ->  C i 3H 9+ 
C n H 7+ +  C 2H 2 - > C n H 9+ 
C 13H 9+ +  C 6H 2 —> C i 9H n +. (1 .4 3 )
(1 .4 2 )
(1 .4 0 )
(1 .4 1 )
The ions C i 3H 9+ and C i 9H n  + , with atomic mass units equal to 165 and 239, 
respec tive ly ,  are the dom inant ions. As the ions and neu tra l  m o lecu les ,  
n e u t ra l iz e d  ions  w ill p ro b ab ly  co n t in u e  to  g row , b eco m e  la rg e r  th e ir
p ro p e r t ie s  con tinua lly  approach  those o f  partic les ,  ra th e r  than  m o lecu le s .  
The neu tra l m olecules  again becom e ionized because o f  th e ir  low  ionization  
po ten tia ls .  T he change  from m olecu la r  to partic le  p ro p ert ie s  occu rs  at a 
m o le c u la r  w e igh t  o f  approx im ate ly  104 , w hich corresponds to an inc ip ien t 
soo t partic le  d iam ete r  o f  about three nanom eters .
Soo t nucleation is followed by soot coagulation and grow th  processes,
w hich initia lly  may occur simultaneously. Coagulation will be used to refer
to  c o a l e s c e n t  c o l l i s io n s  b e tw e e n  p a r t i c le s  r e s u l t in g  in  o n e  la rg e r ,  
app rox im ate ly  spherica l partic le . A gg lom era tion  will be  used to describe
co l l id in g  p a r t ic le s  w hich  s tick  to g e th e r  and do no t  fuse , bu t  form  an 
a g g r e g a te  in  w h ic h  th e  in d iv id u a l  p a r t i c l e s  re ta in  t h e i r  id e n t i ty .
Coagulation  o f  soot particles is restric ted to the regions n eare r  the reaction 
zone w here d iam ete rs  are sm all. P rado  and Lahaye (1981) reported  that
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co a le scen t  co llis ions  do no i occur for soot partic les  d iam ete rs  g rea te r  than  
18 nm  due  to  h ig h e r  v iscos ity  and /or  longer  coa lesc ing  tim es. H ow ard , 
W e rs b o rg  and  W il l ia m s  (1973 )  h av e  s tud ied  th e  c o ag u la t io n  o f  ca rbon  
p a r t ic le s  in p rem ix ed  hydrocarbon  flam es. E xperim en ta l  co ag u la tio n  ra tes  
w ere  com pared w ith those predicted by kinetic theory, and i t  w as found that 
th e  ex p e r im e n ta l  co ag u la t io n  ra tes  exceeded  the k in e t ic  th eo ry  co l l is io n  
ra tes  by a fac to r  o f  ten. Furtherm ore , it was ca lcu la ted  tha t e lectrosta tic  
fo rces  may account for a factor o f  2 o r  3 increase in partic le  coagulation  
ra tes ,  bu t could  no t account entirely fo r  the d ifference betw een the k inetic  
th eo ry  and experim en ta l rates.
Soo t su rface  g row th  is a he terogeneous  p rocess  w hich  invo lves  the 
a t ta c h m e n t  o f  g a s -p h ase  spec ie s  to the  su rface  o f  so o t  p a r t ic le s  and 
s u b s e q u e n t  in c o rp o ra t io n  in to  the  p a r t ic u la te  p h ase .  S u r fa c e  g row th  
p rocesses  p rov ide  fo r  m os t o f  the soot m ass form ed. H arris  and W einer
(1 9 8 3 A , 1983B ) have  in v e s t ig a ted  su rface  g row th  o f  soo t p a r t ic le s  in
p re m ix e d  e th y le n e /o x y g e n  f lam es  and co n c lu d e d  th a t  a c e ty le n e  is the  
p r im a ry  g ro w th  sp ec ie s ,  w ith  an  a p p a re n t  f i r s t  o rd e r  ra te  c o n s ta n t .  
S pecific  su rface  grow th rates were found to  depend only  w eak ly  on  flam e 
s to ich iom etry . Increased  soot loading in fuel rich  flam es was reported  due 
to  inc reased  ava i lab le  su rface  area , and no t by h ig h e r  c o n c e n tra t io n s  o f  
grow th  species. I t  was further concluded that the final size reached  by the
s o o t  p a r t i c le s ,  w hen  su r fa c e  g ro w th  had  v i r tu a l ly  c e a se d ,  w as  no t
d e te rm in ed  by g row th  spec ies  deple tion , bu t ra the r  by a d ec rease  in the 
surface reac tiv ity  o f  the soot.
S o o t  p a r t ic le  ag g lo m era t io n  g en e ra lly  o ccu rs  in the  la t te r  f lam e 
reg ions .  Increased  agg lom era tion  is associa ted  w ith  h ig h e r  fue l e q u iv a l­
e n c e  r a t io s  and  w ith  in c re a s in g  fue l  m o le c u la r  C /H  ra t io s .  T he
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configuration o f  soot agglomerates may vary considerably, and may include 
b ran ch e d -c h a in s ,  random  assem blies , and approx im atley  sph er ica l  s t ru c ­
tures. Charalampopoulos and Chang (1991) discussed in detail the agglomer­
a t io n  o f  so o t ,  and reported  ex p er im en ta lly  d e te rm in ed  a g g lo m era t io n  
param eters ,  inc lud ing  the size and num ber o f  prim ary partic les  in soot 
a g g lo m e ra te s ,  from  p rem ixed  p ropan e /o x y g en  f lam es .  S o o t p a r t ic le  
agglom eration  results in decreased surface area due to its non-coalescing  
nature, and consequently may reduce soot "bum  out" or oxidation o f  solid 
c a r b o n .
1.5 Mechanisms of Soot Suppression
1.5.1 Alkali Metals
The effectiveness o f  the alkali metals to limit flame soot emissions, as 
discussed above, increases in the order Li < Na < K < Rb < Cs. The order o f  
effec tiveness  corresponds m arkedly with the ionization po ten tia ls  o f  the 
alkali metals and suggests an ionic mechanism of soot removal. Several 
re sea rche rs  have  proposed  ionic  m echan ism s to exp la in  so o t  em ission  
control by the alkali metals.
Bulew icz, Evans and Padley (1975) proposed that the alkali metals 
affected the num ber o f  gaseous CZH W+ nuclei, and concluded that decreased 
soot production occurs through the destruction o f  primary flame ions via
H 30 + +  e* ->  H 20  + H, (1 .4 4 )
and the destruction o f  medium flame ions through
C zH lv+ + e- —» fragments. (1 -45)
4 0
Since these are fundamental ions in the ionic soot nucleation  m odel (see 
Reactions 1.35-1.37 and 1.38-1.43), a decrease in the num ber o f  constituent 
soo t partic les  would occur, resulting in a reduction o f  the total am ount o f  
soo t form ed. H ow ever, this m echanism  is con trad ic ted  by experim en ta l 
ev idence , in w hich increased soot partic le  n um ber densities  and decreased  
soo t y ie lds are typ ically  observed with addition o f  the alkali m etals  (see
Table 1.2).
H aynes,  Jan d e r  and W agner (1979) have  p roposed  an a l te rna tive
ionic m echanism  o f soot suppression for the alkali m etals. The increased 
concen tra tion  o f  ionic species in the region im m ediate ly  p reced ing  rapid 
soot form ation would promote a more rapid and com plete  ionization o f  the
incipient soot particles. The earlier the charge is acquired the sm alle r  the 
pa r t ic le s  w ould  be, resu lting  in a s tronger repu ls ive  cou lom bic  po ten tia l  
be tw een  the s im ilarly  charged particles. The repulsive force consequen tly  
l im its  the ra te  o f  partic le  coagulation , resu lting  in  a la rge r  num ber  o f
sm a lle r  pa r tic le s .  This m echanism  is in exce llen t  ag reem en t w ith  the 
observed effects o f  alkali metals in hydrocarbon flames. However, a larger 
n um ber  o f  sm aller  particles would also increase the surface  area o f  soot 
available downstream for surface growth. The fact that soot growth does not 
in c re a se  w ith  the add ition  o f  a lkali m etals  m ay be ex p la in ed  by the 
observa tion  tha t soo t partic les undergo a decrease in surface  reac tiv ity  as
the  flam e residence time increases (Harris and W einer, 1983A). It m ay be
tha t th is  " tem pering  process" is accelerated in the sm aller partic les ,  thus
leading to  a decrease in the surface growth rates o f  the soot particles in the 
metal seeded flames. Additionally, Ndubizu and Zinn (1982) remarked that a 
la rg e r  total su rface  area  allow s for inc reased  carbon  o x id a tio n  du r in g  
passage through the flame front o f  diffusion flam es, w here the tem perature
and the oxygen concentration are high, further resulting in reduced soot
e m is s io n s .
The ability o f  the alkali metals to rapidly increase ion concentrations
w ithin the reaction zone and consequently reduce soot particle coagulation 
th ro u g h  en h an c ed  c o u lo m b ic  repu ls ion  is the a p p a re n t  m e ch an ism  
through which soot emissions are suppressed. This mechanism corresponds 
w ell with experim ental observations, and is in agreem ent with accepted
nucleation  and surface growth theories.
1.5.2 Alkaline Earth Metals
As with the alkali metals, the soot reducing effectiveness  o f  the
alkaline earth metals, Mg < Ca < Sr < Ba, corresponds with the ionization 
energ ies .  T h is  b ehav io r  also suggests  an ionic m echan ism  fo r  soot 
reduction by the alkaline earth metals. Several soot reduction mechanisms 
have been proposed for the alkaline earth metals.
Fenim ore and Jones (1967) investigated the ox ida tion  o f  soot by
hydroxyl radicals and concluded that at flame gas tem peratu res  ranging 
from 1530 to 1890 K, approximately ten percent o f  the collisions o f  OH with 
soot remove a carbon atom. This oxidation o f  soot by OH radicals through the 
r e a c t i o n
Csolid +  OH —> C O  +  ^-H2, (1 .4 6 )
is the basis for several soot reduction m echan ism s suggested  for the 
alkaline earth metals.
Cotton, Friswell and Jenkins (1971) proposed a cataly tic  mechanism
involv ing  radical recom bination and the alkaline earth metals in diffusion
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flames. Excess concentrations o f  radicals are found in the post reaction 
zone  o f  hydrocarbon  flam es. They sugges ted  ca ta ly s is  o f  radical
recom bina tion  th rough  the cycle  o f  hom ogeneous gas-phase  reac tions  
(Cotton and Jenkins, 1971):
A OH +  H  -»  A O  + H2 ( 1 4 7 )
A 0  + H 20  + X  - 4  A(OH)2 + X  (1 .48 )
A(OH)2 + H  -> AOH + H 20 ,  ( 1.49)
where A is an alkaline earth metal atom, and X is a third body. The sum of 
Reactions (1.47) through (1.49) is
H  + H ->  H2. (1 .50)
Since the reaction
H 2 +  OH  H20  + H  (1 .51 )
is in equilibrium  within the flame, the catalysis  will also effectively
accelera te  the reaction
H  + OH —» H 20 .  (1 .52 )
In the luminous zone o f  a hydrocarbon flame the radical concentrations are 
below equilibrium, so that the effect o f  metal additives is to catalyze the 
dissocia tion o f  water and hydrogen by reversing Reactions (1.47) through 
(1.52). It was proposed that the increased concentration o f  OH radicals 
provided by the above reversed reactions accounts for the reduction o f  soot 
em iss ions  by the a lkaline  earth  m etals  th rough subsequen t enhanced
carbon oxidation via Reaction (1.46).
Haynes, Jander and W agner (1979) discussed possible soot reduction 
mechanisms o f  the alkaline earth metals in premixed flames and concluded
that barium , which has the sm allest ionization potential o f  the alkaline
ear th  e lem en ts ,  may function  th rough  the  sam e m echan ism  as the  a lka li
m etals . An observed increase in the num ber density  and a  decrease in soot 
em iss ions  from barium  seeded flam es support this theory. T h e y  c o n c lu d e d
th a t  the  rem a in in g  a lka line  earth  m eta ls  d id  no t  func tion  v ia  the sam e 
m echan ism  as barium  and the alkali m etals , but w ere  unab le  to iden tify  an 
a c c e p ta b le  red u c t io n  m ech an ism .
Bonczyk (1987, 1988) suggested an ionic m echanism  o f  soot reduction 
by the a lka line  earth  m eta ls  and o ffered  con trad ic to ry  ev id en ce  rega rd ing
an OH oxidation m echanism. AOH+ was identified as the active alkaline earth 
m e ta l  ion ic  sp ec ie s ,  and  the c o r re sp o n d e n c e  o f  the  so o t  s u p p re s s io n  
effec tiveness  o f  the alkaline earth  m etals  with their ion iza tion  energ ies  was 
noted as support o f  an ionic scheme o f  soot emission reduction. H owever, a 
d e f in i te  m e ch an ism  th ro u g h  w hich the a lka line  ea r th  e le m e n ts  fun c tio n  
w as no t established. In testing o f  the OH catalysis m echanism  proposed by 
Cotton, e t  al. (1971), the OH concentrations within e thylene diffusion  flames
w ere  m easured. A t all locations, the OH concen tra tions  in both s trontium
and barium  seeded flames were constant or reduced by as m uch a 50 percen t 
w hen  com pared  with the  unseeded  flam es. The m easu rem en ts  ap p ea r  to
support the cata lys is  o f  radical recom bination  by the a lka line  earth  m etals  
as g iven  by the fo rw ard  R eactions  (1 .47) th rough  (1 .52). B onczyk  c ited  
these  m easu rem en ts  as ev idence  against the en h an cem en t o f  OH c o n c e n ­
tra t ions  v ia  the  reverse Reactions (1.47) th rough  (1 .52), and the consequen t 
rapid oxidation o f  soot.
G raham  and G ood ings  (1984), and G ood ings ,  G raham  and K arellas
(1986) proposed  an a lternative  ionic m echan ism  for soot reduction  by the 
alkaline earth metals. They measured the concentrations o f  H 3 0  + and C3H 3+ 
io n s  in  p rem ixed  m e th an e /o x y g en  flam es w ith  and w ith o u t  the a lk a lin e
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earth  m etals  present, and found very significant reductions in H 3 0 + and 
C 3H 3+ concentrations in the barium seeded flames. Strontium and calcium 
produced  slight reductions in C3 H 3+, and m oderate reductions in H 3 0  + . 
M agnesium  was reported to yield weak effects on the reduction o f  e ither
ion. The reductions in H3 0  + and C3 H 3 + were concluded to be through
enhanced  e lec tron -ion  recom bination  v ia
C 3H 3+ + e '  —> C 3H 2 +  H  (1 .5 3 )
a n d
H 30 + +  e- - »  H + H  + OH, (1 .5 4 )
o r
H 30 + +  e- H 20  + H . (1 .5 5 )
It was proposed that reduction in either H 3 0  + or C3 H 3 + would cause a
reduction in soot nuclei, in light of Reactions (1.29) through (1.33) and 
(1.35) through (1.37), and a consequent reduction in soot em issions. This 
m echanism  is supported  by experim ental results  (see  Tab le  1.3) which 
reveal a decrease in soot number density in flames seeded with the alkaline 
earth  metals barium , strontium and calcium . M agnesium , which has an
u n c h a ra c te r i s t ic a l ly  h igh  io n iza tio n  po ten tia l  com pared  to the  o th e r  
alkaline earth metals, does not appear to function through this scheme.
No comprehensive soot reduction mechanism is in agreem ent with all 
the experimental data obtained for the alkaline earth metals. Barium may 
function th rough  several mechanisms, affecting coagulation  s im ilar  to the
a lka li  m e ta ls  o r  a ffec ting  soot nuclea tion  by e n h an c in g  e lec tro n - io n  
recom bina tion .  S trontium  and calcium  probab ly  func tion  by reducing
nuc lea tion  in d iffus ion  flam es, and by ca ta lyz ing  OH p roduc tion  and 
consequen t increased oxidation o f  solid carbon in prem ixed flam es. No
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s u i ta b le  m e c h a n is m s  e x p la in  the  s o o t  a f f e c t in g  c h a r a c t e r i s t i c s  o f  
m a g n e s i u m .
1.5.3 Main Transition Metals
Due to the limited ionic activity associated with the main transition 
m e ta ls ,  an ion ic  soo t reduction  schem e is inapp licab le .  R esea rch  has 
focused  on enhanced  ox ida tion  in the p resence  o f  the m ain  trans it ion  
m etals, and catalysis o f  carbon surface deposition.
Fennim ore  and Jones (1967) recorded enhanced oxidation o f  soot in 
the presence o f  one percent m anganese by weight. It was concluded that 
manganese oxide catalyzed the oxidation o f  soot by oxygen in the lean gases, 
bu t that the oxidation o f  soot in the fuel-rich gases probably occurred with 
som e o x idan t o th e r  than oxygen. Cotton, F r isw e ll  and Jen k in s  (1971) 
su g g es ted  the  fo rm ation  o f  m etal ox ides  in m eta l seeded  f lam es  and 
subsequent soot removal via the reaction
A xOy + CSoiid ->  C O  + A xOy.i, (1 .5 6 )
where A is a metal atom.
A su b s tan tia l  am oun t o f  re sea rch  has been  p e r fo rm e d  on gas 
deposition in the presence o f  metal catalysts. Ott, Fleisch and Delgass (1980) 
in v e s t ig a ted  carbon  depos it ion  over F eR u alloys  du ring  F isch e r-T ro p sch  
synthesis. Pure Ru and 97Ru3Fe surfaces exhibited little carbon deposition,
w hile  75R u25Fe and 33R u67Fe a lloys  resulted  in rap id  ca rbon  buildup . 
Surface analysis revealed that pure iron accepted carbon into its bulk, and
that carbon then built up slowly on the carbided surface. B em ado  and Lobo
(1975) exam ined the formation o f  carbon from acetylene on nickel foils at 
400  to  600° C. They compared the effects o f  gas decom position  on the
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surface, d iffusion o f  the formed species, and growth o f  the carbon, and 
concluded  tha t carbon d iffusion  was the lim iting m echanism  over the ir  
e x p e r im e n ta l  range .
M anning and Reid (1977) investigated carbon deposition from gas 
mixtures o f  CO, CO2, H2 , H2O and CH4 at 823 K using an iron catalyst. It was 
concluded that the gas phase must not lie within the region where iron 
oxidizes or carbides, because neither compound appeared to be a catalyst for 
carbon deposition. Baker and co-workers (1973) examined the use o f  iron 
catalysts for carbon deposition from acetylene. O ver tem peratures ranging 
from  925-1245 K, am orphous, filam entous and graphitic  carbon deposits  
were observed over an iron catalyst. In similar experiments (Baker, et al., 
1972) with nickel film at 825 K, the nickel nucleated to form small particles, 
approximately 30 nm, in the presence o f  acetylene. At 850 K, an amorphous 
carbon deposit formed around the nickel particles and as the acety lene 
p ressu re  was in c re a sed ,  the am ount o f  ca rbon  d ep o s i t io n  in c re a sed ,  
covering the entire support. It was proposed that the nickel particles may 
have acted as nucleating centers for the acetylene.
Lecomte, et al. (1977) and Michel, et al. (1983) both reported similar 
results from studies on the effects of iron additives on soot suppression in 
poly(vinyl chloride) combustion. Experimental results led to the conclusion 
that as an oxidation catalyst, the iron oxide Fe2 C>3 strongly enhanced the 
percentage o f  carbon oxidized by oxygen, and contributed to the observed 
decrease in soot formation.
Ritrievi and co-workers (1987) proposed a mechanism through which 
iron add i t iv es  function  in p rem ixed e thy lene /oxygen  f lam es. It was 
hypothesized that FeO will homogeneously nucleate very early in the flame, 
provid ing  a large number o f  nuclei on which carbon deposition may take
place . Carbon atom s com ing  in con tact with the FeO  surface  w ould  be
oxidized by the reaction (see Reaction 1.56 )
F eO  +  C so]id —> C O  +  Fe. ( 1.57 )
This p rocess  accounts  for the initia lly  h igher soo t partic le  num ber  densities  
and reduced surface growth rates observed in iron seeded flam es. As d is ­
cussed  above, m eta ll ic  iron can cata lyze  carbon  d e p o s i t i o n  on a particle 
su rface ,  p rov id ed  th a t  the m eta ll ic  iron can rem ain  on  the su rface  by
d if fu s in g  th ro u g h  the con tinuously  d epos it ing  carbon . T he  ca ta ly s is  o f  
c a r b o n . deposition  by  m etallic  iron was proposed  to  exp la in  the observed  
increase  in soot surface grow th rates  at h ighe r  flam e positions.  R itr iev i
also perform ed  M ossbauer spectroscopy to identify  the iron species w ithin 
sam p led  soo t/iron  p ar tic le s ,  and de term ined  it  to be m e ta ll ic  iron on ly .
However, the samples were collected on a cooled brass p la te  at the "end o f  
the post f lam e zone," and therefore provided no in form ation  regard ing  the 
state o f  iron species within the flame and did not confirm the hypothesis  o f  
iron nuclea tion  as the specific  oxide FeO. A uger spectroscopy  and depth 
p rofil ing  using inert gas sputtering o f  soot sam pled from w ithin  the flam e 
did support the concept o f  iron inclusion within the soot partic les , bu t due 
to  l im ita t io n s  o f  the techn ique  p rov ided  no in fo rm atio n  co n c e rn in g  the 
chem ica l species  o f  iron. It was concluded tha t so o t  reduc tion  by iron 
additives is governed by the com peting effects o f  carbon ox ida tion  by FeO, 
and cata lysis  o f  carbon deposition by m etallic  iron, and suggested  tha t the 
possible limiting factor o f  these two effects is the ability o f  m etallic  iron to 
d iffuse  through the g row ing carbon layer.
B onczyk (1989) exam ined in detail the effects  o f  ferrocene addition 
on so o t  em iss ions  in a p revaporized  iso -oc tane  d iffu s io n  f lam e. E S C A
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(E lec tron  Spec tro scopy  fo r  C hem ical A nalys is )  ana lysis  w as perfo rm ed  on 
soo t sam ples collected on a water-cooled disk positioned  above the flame tip 
o f  a 0.3 percent by weight ferrocene seeded flame. The iron was determ ined 
to  be p resen t in the form o f  the iron oxide F e 2 C>3 . M itchell (1991) also 
investigated  the nature o f  iron species within seeded  flam es. Soo t partic les  
s a m p le d  from  b u rn in g  c ru d e  oil in the  p re s e n c e  o f  fe r ro c e n e  w ere  
exam ined . U sing auger analysis  and inert-gas spu tte r ing , iron w as reported  
to  be dispersed  throughout the soot particles. H ow ever, the exact chem ical 
species  o f  the iron could not be determined, but it was noted that both iron 
ox ides  and m etallic  iron were observed.
D esp ite  the lim ited  litera ture  concern ing  the possib le  soot reduction  
m e ch an ism s  o f  the m ain  trans i t ion  m eta ls ,  severa l o b se rv a t io n s  m ay be 
noted. The m ain  transition m etals  tend to form m etal ox ides, w hich  may 
directly  oxid ize  solid carbon to carbon monoxide via Reaction (1.56). There 
is also evidence that metal oxides of the main transition m etals, no tab ly  iron 
and m anganese , can  cata lyze  the ox ida tion  o f  soo t by oxygen  to  carbon  
m o n o x id e  and  ca rb o n  d iox ide . In co n tra s t ,  th e re  m ay  be s ig n if ic a n t  
ca ta lys is  o f  carbon  deposition  associated  with m etall ic  nickel and iron, and 
p o ss ib ly  m anganese . T here fo re ,  depend ing  on the ch em ica l s ta te  o f  the 
m eta l,  a com petit ion  may ex ist betw een the soo t supp ress ing  behav io r  o f  
transition  metals through e i ther  d irec t ox idation  o f  carbon  by m eta l oxides, 
o r  m e ta l  ox ide  ca ta ly s is  o f  carbon ox ida tion  by o xygen ,  and the soo t 
en h a n c in g  b e h a v io r  o f  ca ta ly z ed  ca rbon  d e p o s i t io n  a s so c ia te d  w ith  the  
m eta ll ic  state. A tom ic metal diffusion may play a role in the con tro ll ing  
m echan ism  betw een pro -soo t and soot suppressing  activ ity .
1.6 Motivation For the Present Study
The use o f  metal based fuel additives offers an econom ically  sound 
a l te rna t ive  fo r  the con tro l o f  undesirab le  soo t em issions. As d iscussed  
th ro u g h o u t  th is  rev iew , the  a lka li ,  a lk a lin e  ea r th  and m ain  t ran s i t io n
metals may all affect soot emissions to various degrees. The soot suppressing 
effects  o f  the alkali and alkaline earth metals both function through ionic 
m echanism s, and appear to be rather well understood. The main transition 
m eta ls ,  how ever, do not affect soot em issions through ionic activ ity . As 
discussed above, the effects o f  the main transition metals on soot em issions 
are varied , and no com prehensive m echanism s have  been proposed  in the 
literature  to account for their behavior. In addition to  the soot suppressing 
characteristics o f  a  given additive, one must also consider its toxicity i f  any 
p ractical applications are to be realized. The a ir  pollution aspects o f  iron
and its compounds have been examined in detail by Sullivan (1969). O f the
m etals  discussed in  this review, iron is among the m etals  w hich pose the
least th rea t to the environm ent. Furtherm ore, iron com pounds are am ong 
the m o s t  com m only used metal based  soot suppressants , w hile  am ong the 
le a s t  u n d e rs to o d  as to  how  they function . F o r  th e se  rea so n s ,  the 
m e c h a n is m s  th ro u g h  w h ich  iron  ad d i t io n  a f fe c ts  soo t e m is s io n s  in 
hydrocarbon flames were selected as the topic o f  the present study.
CHAPTER 2
LIGHT SCATTERING THEORY
The s c a t te r in g  and  e x t in c t io n  o f  e lec tro m ag n e t ic  ra d ia t io n  by a 
sy s tem  o f  p a r t ic le s  c o n ta in  in fo rm a tio n  ab o u t  the  sc a t te re r s  and  can  
the re fo re  be used to characterize  the system . Scatte r ing  experim en ts  may
be perform ed to evaluate the properties o f  a w ide range o f  system s such as 
gases ,  pu re  l iqu ids , and dispers ions  o f  various  m acrom olecu les  and  p a r t i ­
cu la tes .  T he use o f  m onochrom atic  la se r  sources  enab les  p rec is io n  light 
sca tte r in g  m easu rem en ts  to be p reform ed  in con tro lled  en v iro n m en ts .  In 
th is  chap ter ,  c lassical o r  tim e-averaged  ligh t scattering  theory  is developed  
in  d e ta i l  for s ing le  spherica l sca tte re rs ,  and fo r  sy s tem s  o f  sca tte re rs .  
F u r th e rm o re ,  s c a t te r in g  theo ry  fo r  n o n h o m o g e n e o u s  p a r t i c le s  is p r e ­
sen ted , and scattering  calcula tions are carried  ou t fo r  a range  o f  partic les  
co rresp o n d in g  to the type o f  system  exam ined in the p resen t  s tudy. In
add ition , the theory o f  dynam ic light scattering, w hich deals  w ith the time 
v a r ia t io n  o f  the  in tens ity  o f  sca tte red  light, is p resen ted .  T he  theory  
p r e s e n te d  in  th i s  c h a p te r  fo rm s  th e  b a s is  fo r  th e  e x p e r im e n ta l  
m easu rem en ts  and data  analysis  presented  in the fo llow ing  chap ters .
2.1 Scattering by a Single Homogeneous Sphere
2.1.1 General Solution
L ig h t  can  be  c o n s id e re d  an e le c t ro m a g n e t ic  w av e  w h ic h  h a s
oscilla ting  e lectric  and m agnetic fields associated w ith it. W hen a beam  o f  
l ig h t  s tr ikes  a partic le  the oscilla ting  e lectric  field , w hich is  p e rpend icu la r
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to the direction  o f  propagation o f  the wave, causes the electric  charges o f  
the  particle to be set into forced oscillations with a frequency equal to the 
frequency  o f  the incident light. These oscilla ting  electric charges  consti­
tu te  sources  o f  e lec trom agnetic  rad ia tion , and hence  genera te  w hat is 
term ed scattered  light. The geometry for scattering by a single sphere is 
p resented  in Figure 2.1, in which the incident plane w ave is p ropagating  
in the pos itive  z-d irection  and its  e lectric  vec tor  E  is l inearly  polarized  
along the x-axis. The vectors B and S are the m agnetic  field and Poynting 
vec to rs ,  respectively . The scattering d irection is taken  from  the orig in  
through the point defined by the polar coordinates r, 0  and <|>. The angle of 
o b s e r v a t i o n  0  is m easured  from the forw ard d irec tion  to the sca tte r ing  
direction, and defines the scattering plane or the plane o f  observation. The 
spherical particle is o f  radius a and has a complex refractive index m = n - i k ,  





Figure 2.1. Polar coordinate system for a plane wave travelling in the 
positive z-direction, incident upon a homogeneous sphere o f  radius a .
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The solution to the problem o f  the scattering o f  e lectrom agnetic  
w aves by a single, homogeneous sphere was orig inally  developed  by Mie 
(1908). In the present study, the notation and treatm ent given by Kerker 
(1969) are followed. For incident radiation o f  intensity I0 , the intensity o f  
s ca tte red  rad ia tion  po la rized  p e rpend icu la r  and pa ra l le l ,  re sp ec t iv e ly ,  to 
the scattering plane is given by
Id, = Io “ V r  *1 s™2(b'
47CjT2
(2 . 1)
I© = Io 12 C0S2<1>, 
47C*r2
(2 .2 )
w here  the in tensity  functions ii and 12 are defined as
11 = X  (an 7Cn(cOS©) + bnxn(cos0)
a n d
(2 .3 )
12 = X  ^S+l) {anTn(COS0) + Mnlcos©) ( 2 .4 )
The param eters  Jtn and Xn are the angular dependent functions,






o f  the associated  Legendre polynom ial P ^ c o s  ©) o f  argum ent cos© . The 
pa ram ete rs  a n and b n are defined as
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Jm _ W n ( m a )  - m Y n(ma)*Fn(ct) 
^ a y ¥ n(m a)  - m ^ m a ^ a )
(2 . 7 )
a n d
m ¥ n(a )Y n (m a )  - y n( m a ) y n(« ) (2 .8 )
m ^ (a )Y n(m a )  - T n(m a )^ n( a )
In the  p resen t trea tm ent,  X is wavelength  o f  inc iden t light in v a c u o , and 
m  =  m /m o is the com plex refractive index o f  the partic le  rela tive to tha t o f  
the  am b ien t m edium , considered  air in the p resen t study  w ith  real index 
equal to 1.0. The param eter a  is referred to as the size param eter, and is
d ef ined  as
w ith  a  be ing  the partic le  radius. P rim e no ta tion  deno tes  d iffe ren tia t ion  







W  = ( f  f *  = 4'„(z) + W 4  (2.11)
w here  Xn(z) is given by
Xn(z) -  - 1 Y n+i/2(z). ( 2 . 1 2 )
H ere J n+i/2(z) and Y n+i/2(z) are the ha lf  integral order Bessel functions o f  the
firs t  and second kind, o r  Bessel and N eum ann functions , respec tive ly ,  and 
(2 )HJ,+'i /2(z) is the ha lf  integral order Hankel function o f  the second kind.
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T h e  d if fe re n t ia l  s c a t te r in g  c ro ss  sec tion  (a re a / s te ra d ia n )  re p re se n ts  
the  am o u n t  o f  energy  sca tte red  in to  a g iven  so lid  ang le  a b o u t  a g iven  
d irec tio n .  F o r  the spec ia l  case  in w hich  the sca tte r ing  p la n e  is the yz- 
p la n e  (<}>= 9 0 ° ) ,  the inc iden t beam  is perpend icu la r ly  po la rized  w ith  respec t
to  the  s c a t te r in g  p lane .  The sca tte red  rad ia t io n  is a lso  p e rp e n d ic u la r ly  
p o la r ized ,  and from  E quation  (2 .1) the d iffe ren tia l  sca tte r in g  c ro ss  sec tion  
is defined  as
S im ilarly ,  fo r  the case  in w hich the scattering  plane is the xz-p lane (<(>=0o), 
the  po la riza t io n  o f  the inc iden t beam  is para l le l  to  the  sc a t te r in g  p lane . 
T he  sca tte red  rad ia tion  will l ikew ise  be polarized  p ara l le l  to  the sca tte r ing  
p lane , and the d ifferen tia l scattering  cross  section  is defined  as
T he  subsc r ip ts  re fe r  to  the state o f  po la riza t ion  o f  the in c id en t  and s c a t t ­
e re d  r a d ia t io n ,  re sp e c t iv e ly ,  w ith  V d e n o t in g  v e r t ic a l  o r  p e rp e n d ic u la r ,  
and  H d e n o t in g  h o r izo n ta l  o r  pa ra l le l .  It is n o ted  th a t  fo r  sp h e r ica l  
p a r t ic le s  w ith  l in ea r ly  po la rized  in c id e n t  rad ia t io n ,  the  d i f fe re n t ia l  c ro ss
rad ia tio n  w ith  in tens ity  I0 , the scattered  ligh t in any d irec tion  has  partia l 
l in ea r  po la riza t ion  and is o f  the intensity  g iven by
( 2 .1 3 )
(2 .1 4 )
r i
sec tions  C y n  and C yy  arc equal to zero. F o r  n a t u r a l  or  un p o la r ized  inc iden t
(2 . 15 )
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C o n s e q u e n t ly ,  the  d if fe re n t ia l  sc a t te r in g  c ro ss  se c t io n  fo r  u n p o la r iz e d  
inc iden t rad ia tion  may be written as
T he  frac tion  o f  inc iden t rad ia tion  scattered  in all d irec tions ,  rep resen ted  
by the sca tte r ing  cross  section C s c a t, may be ob ta ined  by in teg ra ting  the 
d iffe ren tia l scatter ing  cross section over all solid angles,
S ubstitu tion  o f  E quation  (2 .16) into the above express ion  and subsequen t 
in tegration  y ie ld s  the total scattering  cross section
E quation  (2 .18) is valid  for any com bination  o f  polarized  and unpo la rized  
in c id e n t  ra d ia t io n .
S im ila r  to  the scattering  cross section, the absorp tion  c ro ss  section  
C a b s  r e p re s e n ts  the f rac t io n  o f  in c id en t  en e rg y  ab so rb ed  w ith in  the  
partic le . The total am ount o f  energy abstracted from an inc iden t beam  o f  
in tens ity  I 0 is equal to the product CextIo* where Cext is the extinction cross 
section , and is defined  as the sum o f  the sca tte r ing  and absorp tion  cross 
s e c t i o n s ,
( 2 .1 7 )
C « «  =  | ^ 2 ;< 2 n + l ) ( U „ F + | b „ P ) .  
n=l
( 2 .1 8 )
Cext — C abs "t" C SCat, ( 2 .1 9 )
T h e  e x t in c t io n  c ro ss  sec t io n  fo r  a sp h e r ica l  p a r t ic le  is g iven  by the
e x p r e s s i o n
2 °°
c ext = ^ r 2  (2n+ l)R e{an + bn}. (2.20)
n=l
T h e  c o r re s p o n d in g  e f f ic ien cy  fac to rs ,  d eno ted  by  Q, a re  the  re sp e c t iv e
cross  sec tions  norm alized  by the geom etric  c ro ss  section  o f  the partic le :
Q c x t = ^ ,  Q a b s = ^ ,  Q Sc a t = ^ 5£f i - ( 2 . 2 1 )
7ta2 7ta2 7ta2
2.1 .2  Rayleigh  Theory
R ay le igh  (see K erker, 1969) p receded  the genera l o r  M ie so lu tion  to 
s c a t te r in g  by s p h e r ic a l  p a r t ic le s  w ith  ap p ro x im a te  e x p re s s io n s .  T h ese  
e x p re s s io n s  are bo th  a c c u ra te  and s im p le  to  e v a lu a te  p ro v id e d  seve ra l
cond itions  hold. The Rayleigh solution is based on the assum ptions  tha t the
ex te rna l e lectric  field  m ay be considered  as a hom ogeneous  f ie ld , and that 
the  app lied  fie ld  penetra tes  fas t enough such  tha t the s tatic  po la riza t ion  is 
e s tab l ish ed  w ith in  a short t im e in  com parison  with the per iod  o f  inc iden t 
rad ia tion . These conditions are satisfied  for a spherical partic le  i f  both  the 
s ize  p a ram e te r  a  and the quantity  | r n 0t| are much less than unity . Ku and 
F e lske  (1984) d iscuss the validity  o f  the R ayleigh  lim it for a wide range o f  
pa r t ic le  s izes  and refrac tive  indices.
T he  d if fe re n t ia l  sca tte r in g  co e f f ic ie n ts  fo r  a sp h e r ica l  p a r t ic le  in 




Cj-jj-j =  C y y  COS 0 . (2 .23 )
T h e  R a y le ig h  sc a t te r in g  and ab so rp tio n  c ro ss  s e c t io n s  m ay  be w rit ten ,  
r e s p e c t iv e ly ,  as
The ex tinc tion  cross  section  is genera lly  assumed equal only  to the  ab so rp ­
t io n  c ro s s  sec t io n  w hen  us ing  the  R ay le ig h  so lu t io n .  T h e  sc a t te r in g  
co n tr ib u tio n  to  to ta l ex tinc tion  m ay be d is regarded  w hen  the  s ize  p a ra m ­
ete r  is m uch less than  one. F o r  this case, as may be seen from  Equations
(2 .24 )  and (2 .25), the sca tte r ing  cross section  is p ropo rt iona l  to  the six th  
pow er o f  a  and is  m uch  less than the absorp tion  c ross  sec tion , w hich  is
proportional to  the third pow er o f  a .
2.2 Scattering by Aerosol Clouds
2.2.1 N ecessary  Conditions
The sca tte r ing  o f  light by aerosol clouds can be charac terized  by an
ex ten s io n  o f  the sca t te r in g  so lu tion  for s ing le  p a r t ic le s  p ro v id ed  severa l 
c o n d i t io n s  a re  fu lf i l led .  Jones  (19 7 9 )  rep o r te d  th ree  c r i t e r ia  fo r  the  
t rea tm en t o f  aerosol scatter ing  in te rm s o f  s ingle  p ar tic le  sca tte r ing :
scat (2 .2 4 )
a n d
C abs =  ^ a 3/ m ( - m ^ L  
X lm2+2
(2 .2 5 )
( i )  The partic les  m u s t  be sufficien tly  spaced such tha t no 
s ig n if ic a n t  e lec tr ica l in te rac t io n  occu rs  b e tw ee n  them .
( i i )  There is no multiple scattering,
( i i i )  There is no optical interference between w aves scattered 
by d iffe ren t partic les.
Condition (i) is satisfied  for partic le  cen te r  spac ings g rea te r  than 
tw o to three partic le  diameters (Kerker, 1969). The m axim um  perm itted  
num ber  o f  partic les  per unit volum e for spherical scatterers  o f  radius a  
such  tha t cond ition  (i) is sa tisf ied  may be ca lcu la ted  by con s id e r in g  
spheres o f  radius 3a, and is presented in Table 2.1.
Table 2.1. Maximum permitted particle diam eter and 
num ber density to avoid electrical interaction.
P a r t i c l e
d i a m e t e r
N u m b e r  d e n s i ty
( p a r t i c l e s / c m ^ )
5.0  nm 5 . 7 x l 0 17
50.0  nm 5 . 7 x l 0 14
100. nm 7 . 1 x l 0 13
0.5 Jim 5 .7 X 1 0 1 1
1.0 (Im 7 . 1 x l 0 10
5.0 {im 5.7x10®
Condition (ii) is the m ost stringent and in essence requires that the 
op tica l m ean free path be la rger than the physica l d im ens ions  o f  the 
scattering  system. A scattering system composed o f  identical particles can 
be characterized by the num ber density N, the hom ogeneous optical path 
length L, and the extinction cross section o f  a single partic le , C e xt> The 
optical m ean free path o f  the scattering system is o f  the order  l /N C e x t
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(Jones, 1979). Therefore, condition (ii) is satisfied if  l /N C ext > L* or if the 
product LNCext* defined as the turbidity, is less than unity.
Condition (iii) is reported by Jones (1979) to be satisfied by large
numbers o f  suspended particles. For a large number o f  identical, randomly
positioned  partic les , the intensity  o f  scattered ligh t is given by the 
expression (Jenkins and White, 1976)
I =  Ii(C0S2((>i +  COS2<j>2 +  • ■ • +  COS2(|>n)
+ Ii(sin2<J>i + sin2<J>2 + • • • + sin2<|>n), (2 .26)
where I; is the scattered intensity of a single particle, and <}>j is the phase of
the scattered light from the ith particle. Using the identity sin2 + cos2 = 1,
the sum o f  the phase terms reduces to the num ber o f  partic les, and
consequently the intensities can be added directly.
In the present study, measurements in premixed propane, oxygen 
and nitrogen flames have yielded maximum soot particle diam eters less 
than 65 nm, a maximum number density of 2 .4x10**, and a maximum 
turbidity o f  0.30. These parameters are all well within the limits which 
satisfy the criteria o f  Jones (1979), and validate the use of the scattering 
theory presented in the following section.
2.2.2 Monodisperse and Polydisperse Systems
For a monodisperse suspension o f  particles which satisfies the above 
three  cond itions ,  the ex tinction  and sca tte r ing  ch arac te r is t ics  o f  the
system may be described in terms of the extinction and scattering coeffi­
cients. The extinction and differential scattering coefficients are defined.
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re sp ec t iv e ly ,  as
Kext = NCext (2 .2 7 )
a n d
(2 .2 8 )
T h e  p a ra m e te r  N is the p a r t ic le  n um ber  d e n s i ty  (n u m b e r  o f  p a r t i -
d if fe re n t ia l  sc a t te r in g  c ro ss  sec tions , re sp ec t iv e ly ,  g iven  by E q u a t io n s  
(2.20) and (2.13) - (2.14). The double subscripts denote the polarization o f  
the inc ident and scattered light as previously defined.
The sp ec tra l  tran sm iss io n  ^  o f  rad ia t io n  p a s s in g  th ro u g h  an 
absorb ing  and scattering system, such as a lum inous flam e, is defined as 
the ratio o f  the intensity of radiation transmitted through the system to the 
in te n s i ty  o f  in c id e n t  rad ia tion .  The t ran sm iss io n  is re la ted  to the 
ex tin c tio n  co eff ic ien t K ext by the relation
w here the hom ogeneous optical path length L is the geom etrical d is tance 
th rough  the partic le  system.
Aerosol clouds are often not monodisperse systems but ra ther possess 
various degrees o f  polydispersity. Distribution functions m ust be utilized to 
d esc r ib e  d if fe re n t  particu la te  system s, such as the  well know n norm al 
d is tribution function. A drawback o f  the normal d istribu tion  is that it is 
s y m m e t r i c a l ,  w h i le  n a tu r a l ly  o c c u r r in g  p a r t i c l e  p o p u la t io n s  a re  
frequently  skewed. Espenscheid and co-workers (1964) described a zeroth- 
o rd e r  logarithm ic distribution, ZOLD, which has been frequently utilized in
cles/volum e gas), and Ce xt and C pp are the single partic le  ex tinc tion  and
=  exp(-L Kex,)- (2 .2 9 )
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th e  a n a ly s is  o f  c o m b u s t io n  sy s tem s  (S c r iv n e r ,  e t  a l . ,  1986 ; C hara -  
lam popoulos and Chang, 1988). The ZO LD  function is defined as
. , exp(-c£/2)
^  rr r VTF ^  CT0rm 2 Jl
- (in t/ tJ 2
2 o l
(2 .3 0 )
w here rm is the modal value o f  r, and 0 0 is a measure o f  the width and skew ­
ness  o f  the distribution. The relation between the m odal value  rm and the 
m ean  value, F, o f  radii is given by
In r  =  In rm + 3 o l /2 .  (2 .3 1 )
The standard deviation, O, of the ZOLD is given by the expression
a  = r J e x p ( 4 a l )  - exp (3 a l) ]1/2. (2 .3 2 )
T he  z e ro th -o rd e r  logarithm ic  d is tribu tion  function  is  no rm alized  such that 
the integral over all values o f  radii is unity. To dem onstrate  the e ffect o f  
d if fe re n t  va lues  o f  a 0 on the Z O L D  function, the d is tr ibu tion  function  is 
presented  in Figure 2.2 for a modal radius o f  20 nm, and fo r  values o f  G0 
equal to  0.1, 0.2 and 0.4. Both the width and skew ness o f  the d istribution 
increase  with increasing values o f  C0. The full-width o f  the ZO LD  function 
at h a l f  m axim um  is 4.7, 9.5 and 19.5 nm for C0 values o f  0.1, 0.2 and 0.4, 
respectively . The degree o f  skew ness may be m easured  by calcu la ting  the 
ra tio  o f  the la rg e r  ha lf-w id th  to the fu ll-w id th  o f  the func tion , at h a l f  
m ax im um . F o r  a sym m etrical d is tribu tion  such as the G aussian  function, 
this value is exactly equal to 0.5. For the calculated ZO LD  profiles, the ha lf­
width to full-width ratios are 0.53, 0.56 and 0.62 for a 0 values o f  0.1, 0.2 and 
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Figure 2.2. Z ero th -o rder  logarithm ic d is tr ibu tion  function  
for a modal radius o f  20 nm and for different values of G0.
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F or po lyd isperse  partic le  system s, the ex tinc tion  and d ifferen tia l 
scattering  coefficients are defined, respectively, as
The param eters  C ext and C pp denote the mean extinction  and d ifferen tial 
sca tte r ing  cross  sections, respectively , for all spheres in the scattering  
vo lum e, and are obta ined by in tegrating  the respective  single  partic le  
cross sections, weighted with the ZOLD function, over all values o f  radii. 
The mean extinction and differential scattering cross sections are defined 
a s
W hen using the expressions for the Mie cross sections given by Equations
(2.13), (2.14) and (2.20), the above integrals must be performed num eric­
ally. I f  the particles are o f  a size and refractive index such that the 
Rayleigh  expressions are valid, the integrals may be perform ed analy tic ­
ally. Utilizing the ZOLD of  Equation (2.30) and the Rayleigh expressions for 
the cross sections (Equations 2.22 - 2.25), the above integrals yield the 
fo llo w in g  exp ress ions
Kext — N C ext (2 .33 )
a n d
(2 .34 )





K w  = N( ^ ) 4 £ ! 3 r ^  2 4  exp[24c§] (2 .38 )
a n d
Khh -  K v v  cos2̂ ) . (2 .39 )
The volume fraction, fv , o f  an aerosol cloud is defined as the solid 
volum e o f  scatterers per unit scattering volume (volum e partic les/volum e
gas) and is frequently of practical interest. Similarly the surface area, As ,
o f  the partic les  per  unit volum e (area partic les/volum e gas) is also o f
interest. For a m onodisperse cloud o f  spherical partic les ,  the volum e
fraction is the product o f  the particle number density and a single particle
volume, and the particle surface area is the product o f  the particle num ber
density and a single particle surface area. For a polydisperse system, the
partic le  volume fraction and surface area are given, respectively , by the
i n t e g r a l s
U pon substitu tion o f  the ZO LD  function given by E quation  (2.30) and 
integration (see Espensheid, et al., 1964), the above expressions yield
(2 .40 )
(2 .41)
(2 .4 2 )
(2 .43 )
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It is worthwhile to examine the resulting integral in Equation (2.35) 
when the Rayleigh lim it is utilized, namely
tion (2.40), and in Equation (2.44) is identical, the two equations may be 
combined with Equation (2.33) to yield the relation
The significance o f  the above expression is that it allows the determination 
o f  the partic le  volum e fraction from spectral transm ission  m easurem ents  
alone, which are independent of the particle size distribution provided that 
the constrain ts for the applicability o f  the Rayleigh limit expressions are 
s a t i s f ie d .
2.3 Scattering by Concentric Spheres
S ince  n o n h o m o g e n e o u s  ae ro so l  p a r t ic le s  m ay  so m e t im e s  be 
com posed o f  two distinct materials, in which one com ponent is concen­
tra ted  in the partic le  center, it is useful to exam ine  sca tte r ing  and 
absorp tion  by tw o concentric  spheres. The solution to  the p roblem  o f  
sca tte r ing  o f  e lec trom agnetic  rad ia tion  by two hom ogeneous, concen tr ic  
spheres has been developed by Aden and K erker (1951). The approach 
y ie lds a solution to scattering sim ilar to that o f  a single hom ogeneous
(2 .44 )
S ince the r-dependence, r3p(r), in the volume fraction  expression , Equa-
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Figure 2.3. Plane wave travelling in the positive z-direction 
inc ident upon two concentric, homogeneous spheres.
sphere as described above, but with the addition o f  m odifications to the
scattering parameters. The scattering and absorption processes for the two 
com ponent particle may be conveniently described by the coated sphere 
model, where the inner sphere is designated as the core, and the outer 
concentric sphere is designated as the shell. The coordinate system for 
scattering by a coated sphere is similar to that for a homogeneous sphere 
and is depicted in Figure 2.3. In this coordinate system the plane wave 
travels in the positive z-direction, and the radii a and b ,  and com plex 
refractive indices m i and m 2 correspond to the core and shell, respectively.
The scattering theory described in the previous sections also applies
for the case o f  concentric spheres. The differential scattering and extinc­
tion coefficients for a single, coated sphere are given by Equations (2.13),
(2.14) and (2.20), with suitable modifications o f  the scattering parameters an 
a n d  bn in Equations (2.3), (2.4) and (2.20). The modified expressions are
presented in a form useful for computations (Bohren and Huffman, 1983),
and are as follows:
a n d
w h e r e
a n d
_  {DnAn2 + n /y )4 /n(y )- *iVl(y)
an  1_ ; --------;-----------------------  (2 .46 )
{Dn/nij + n/y)£„(y) - £„.i(y)
h |m 2G„ + n /y )¥ n(y ) - ’f,,.i(y)
un —   , ( 2 .4 7 )
{m2Gn + n/y }£n(y) - ^ ( y )
15 _ P n(m2y) - An%'n(m2y )/y n(m2y) 
1 - A n X n ^ y y ^ n ^ y )
(2 .48 )
^  _ P n(m2y) - BnXn(m2y )/y n(m2y)
1 - BnXn(m2y)/'Fn(m2y)
An = y n(m2x)_  ^ n t m .x i - D ^ x ) .  ( 250)
mDn(niix)Xn(m2x) - Xn(m2x)
Bn = y„(m2x)_  , , ( 2 .5 1 )
mXn(ni2x) - D n(mix)Xn(m2x)
i
In the above expressions, D n is the logarithmic derivative defined as 'F n/ ‘J/n> 
m  =  m 2/m i is the refractive index o f  the shell re la tive  to the refrac tive  
index o f  the core, x is the size parameter based on the core radius, and y 
is the size param eter  based on the shell radius. P rim e nota tion  denotes
d if fe re n t ia t io n  w ith  respec t to the entire  a rgum ent.  The so lu tion  to 
scattering  by a coated sphere reduces to the hom ogeneous sphere  solution
if  the refractive indices o f  the core and shell are set equal.
2.4 Dynamic Light Scattering
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Flam e genera ted  soot partic le s  undergo  B row nian  m o tion ,  w hich 
p roduces  random fluctuations in the intensity  o f  scattered ligh t from a 
con t inuous  inc iden t beam. The random  fluc tua tions  in the sca tte r ing  
s igna l are  d is tr ibu ted  about the m ean va lue , o r  c la ss ica l  sca tte r in g  
in tensity ,  and are analyzed during dynam ic ligh t scatter ing  experim ents. 
From  this information, as it has been noted by Penner, et al. (1976) and 
F low er (1983), the diffusional diameter can be inferred w ithout knowledge 
o f  the optical properties of the soot particles. A detailed presentation o f  
dynam ic light scattering theory may be found in the text by Berne and 
Pecora (1976). The theory presented in this section will entail only optical 
m ixing techniques utilizing the homodyne (or self-beat) method, in which 
the scattered light impinges directly on the photom ultip lier cathode. Since 
the pho tom ultip lie r  is a square-law  detector, its instan taneous curren t is 
p roportional to the square of the incident electric field and is therefore 
proportional to the intensity o f  the scattered light, or number o f  photons.
The autocorrelation function o f  the property A is a measure o f  how 
well the value A(t+T) is correlated with the value A(t), and is defined as
The property A at times t and t+X in general has different values. However, 
when x is small the values o f  A are typically close, but as X becom es larger 
the correlation is lost.
(A(0) A(x)) = lim J J  A(t)A(t+x) dt. (2 .52 )
T—>oo
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Two scattered field autocorrelation functions may be defined as
Il(t)  =  (Es(0) E,(t>) (2 .5 3 )
a n d
l 2<t) =  ( | Ej(0> |2 1 E s(t) P ). (2 .5 4 )
w here  E s is the scattered field, and Es * is its complex conjugate. I2 (t) is 
referred  to as the hom odyne correlation function and may be expressed  in 
terms o f  I ] ( t )  after Berne and Pecora (1976) as follows.
The sca tte r ing  volum e may be divided into subreg ions  o f  volum e
small com pared to the wavelength o f  incident radiation. Then the scattered 
fie ld  E s at a point outside o f  the scattering volum e can be regarded as a 
superposition  o f  fields from each subregion. I f  the subregions are su f f i ­
c ie n t ly  la rg e  to  p ro m o te  p a r t ic le  m o tio n s  in one  s u b re g io n  to  be 
indep en d en t o f  those in another, then Eg may be regarded as a sum o f
independen t random variables. Hence Es itself is a random variable and by
the  cen tra l  l im it theorem  will be d is tr ibu ted  accord ing  to  a G aussian  
distribution. A Gaussian distribution is completely characterized by its f irst 
and second mom ents. It follows that the homodyne correlation function, a 
fourth moment, is related to I i ( l ) ,  a second moment, by
I2( t ) = | I l ( 0 ) | 2 + | I i ( t ) |2 . (2 .5 5 )
The above conditions are satisfied for the majority o f  applications, particu­
larly  for lum inous flam es in w hich there are typically  g rea te r  than  104 
par tic le s  w ith in  the scattering volum e, which ensures a su ff ic ien tly  la rge  
n u m b e r  o f  co rre la t ion -vo lum es  to ju s t i fy  the use o f  the  cen tra l  l im it
t h e o r y .
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The autocorrelation can be determined utilizing e ither a digital or an 
analog  mode. In analog determ ination methods, the pho tom ultip lie r  output 
is trea ted  as a continuous variable. In the digital m ode, the num ber o f  
pho tom ultip lie r  ou tpu t pulses (photons) in a given tim e are coun ted  and 
used to com pute the time correlation function. The fo llow ing  d iscussion  
will focus on the digital autocorrelation method s ince this was u tilized in 
the p re se n t  investiga tion .
I f  n (t)  is the num ber o f  pho tons de tec ted  in the  t im e in terva l 
between t and t+T, the autocorrelation may be expressed as
W hen the scattered field is Gaussian as discussed above, the hom odyne au to­
correlation is given by (Jakeman and Pike, 1969A,B)
w here  < n >  is the  average num ber  o f  pho tocounts  in  the  t im e  in terval X, and
f(A) is a spatial coherence factor. For a monodisperse system o f  particles, 
11 (t) may be expressed as (see Charalampopoulos, 1987)
in w hich  D is  the d iffusion  coeffic ien t o f  the pa r t ic le s ,  and q  is the 
sca tte r ing  w avevector  given by
C(t) =  <  n(0) n(t) > . (2 .5 6 )
C(t) = (nj2 l. + f (A ) iM I L  
Ui(0)p .
(2 .5 7 )
(2 .5 8 )
q = (2 .5 9 )
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w here 0  is the scattering angle measured from the forward direction. In
addition, V is the bulk flow velocity, and A is the characteristic width o f  the
Gaussian profile o f  the incident laser beam. Using Equation (2.58), the
homodyne autocorrelation function may be expressed as
In the above expression, B is the value of the function at large times, and b 
is an experimental constant. The presence o f  a uniform flow through the
scatter ing  volum e results in a D oppler shift in the frequency o f  the 
scattered light. The Doppler contribution (iq -V ), however, involves only
the phase o f  the scattered field and subsequently does not appear in
Equation (2.60), which utilizes only the magnitude o f  I i ( t ) .  If  the scatter­
ing volume is no t uniformly illuminated (as is characteristic o f  a laser 
source), a second term arises due to an averaging over initial particle
positions. This contribution appears as the first exponential term in 
Equation (2.60). However, for luminous flames such as those utilized in this 
investigation, King, et al. (1982) and Charalampopoulos (1985) have shown 
that due to the difference in the time scales o f  the two exponential terms, 
the non-un ifo rm  il lum ination  term may be n eg lec ted  and the a u to ­
correlation may be expressed as
(2 .60)
(2 .61)
The diffusion coefficient can therefore be inferred from the decay rate 
( q  D) o f  the measured autocorrelation function C(t).
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The p a r t ic le  s ize  m ay be in fe rre d  from  the  d if fu s io n  c o e f f ic ie n t  
w hen  the  p a r t ic le  shape  is know n. F o r  spherica l p a r t ic le s ,  the  d iffu s ion  
coeff ic ien t is re la ted  to  the partic le  radius a  by the relation
w h ere  K g  is the B oltzm ann  constan t, T  is the tem pera tu re  o f  the m edium , 
| i  is the dynam ic  v iscosity ,  and C s  is the C u n n in g h am  co rre c t io n  fac to r ,  
w h ich  a c c o u n ts  fo r  the inc reased  m o b il i ty  o f  p a r t ic le s  due  to  n o n c o n ­
t in u u m  e f f e c t s .  T he  s e m i - e m p i r i c a l  fu n c t io n  f o r  th e  C u n n in g h a m  
co rrec tion  fac to r  is given by F low er (1983) as
w h ere  / is the m ean free path o f  the gas m olecules. It is noted tha t when 
the  p a r t ic le  s ize  is m uch la rge r  than the m ean free  pa th  (i.e .  K nudsen  
n u m b e r  app roaches  zero) ,  Cs approaches  unity  and E qua tion  (2 .62) reduces 
to the  fam ilia r  S tokes-E inste in  re la tionsh ip  fo r  the  d if fu s io n  coe ff ic ien t .
W hen  the sca tte r ing  system  is no t m onod ispe rse  bu t is charac te r ized  
by a d is tr ibu tion  o f  partic le  sizes, there  is a co rresp o n d in g  d is tr ib u t io n  o f  
l in e w id th s  T, w here
T h e  a u to c o r re la t io n  fu n c t io n  fo r  a p o ly d isp e rse  sy s tem  m ay  be s u b s e ­
quen t ly  expressed  as (Scrivner, et a!., 1986)
Cs = 1.0 +[0.864 + 0.29exp{-1.25a//)] ( //a), (2 .6 3 )
r  = |q|2D. (2 .6 4 )
(2 .65 )
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w here G (H  is the normalized distribution o f  linewidths T, c h a ra c te r ized  
by the average decay rate T  and the variance O2. For Rayleigh sized parti­
cles, the measured average decay rate T  may be expressed as
T"» J T =  C
r6 T(r) p(r) dr
r  = — ------------------ , (2.66)
r| r6 p(r) dr 
J i = 0
where p(r) is the normalized particle size distribution function. Similarly, 
the variance o f  the distribution o f  linewidths C~ may be expressed in terms 
o f  the linewidths T (r)  and the measured decay rate T  by the relation




a 2 = i ^ -------------------------------------------------------------- (2 .67 )
Poo
r6 p(r) dr
Frequently , the polydispersity index Pq is referenced, which is defined as
Pq =  *§ - (2 .6 8 )
r
In the above equations, T(r) may be expressed by com bin ing  Equation
(2.64) with Equations (2.59) and (2.62) to yield
T O - ( ^ Si n § f | £ c ,  (2 .6 9 )
It should  be noted that the above polyd isperse  analysis m akes use
on ly  o f  the R ayle igh  lim it fo r  partic le  sca tte r ing  (see  E q u a t io n  2.22).
H owever, for size parameters less than 0.5 and for optical constants  typical
o f  soo t partic les, no appreciable d ifference was found betw een the above
R ayleigh analysis and analysis based on the Mie theory (Chang, 1991).
2.4 Scattering Calculations
It is useful at this point to examine the scattering behavior o f  typical 
flame generated soot particles. A detailed analysis o f  scattering by a wide 
range o f  particles is presented by K erker (1969), van de H uls t (1957), and 
by Bohren and Huffman (1983). The extinction and scattering effic iencies 
(see E quation  2.21) are useful quan tities  to  charac terize  l igh t sca tte r ing  
behavior. The extinction effic iency represents the ability o f  a partic le  to 
in t e r c e p t  in c id e n t  rad ia t io n  th ro u g h  bo th  s c a t te r in g  and  a b s o rp t io n
processes , while the scattering effic iency represents  only the scatter ing  o f  
rad ia tion  over all directions.
The scattering  characteristics o f  a s ingle  partic le  may be calcu la ted  
in terms o f  the size parameter a  = 2na/X  (see Equation 2.9), and the complex
re frac t ive  index m  = n-ik. At a specific wavelength, the effect o f  varying
the  size param eter  is equivalent to varying the partic le  size. S ince the
sca tte r in g  and absorption m easurem ents  in the p resen t  s tudy  w ere  p e r ­
fo rm ed  w ith an argon ion laser at the w aveleng th  488  nm , re frac t ive
in d ices  used fo r  the  p resen t sca tte r ing  c a lcu la t io n s  co rresp o n d  to th is
w avelength . The value m  = 1.5-0.4i was used for the com plex refractive
index o f  soot. This value was determined specifically for the purpose o f  this 
study and will be further discussed below. Since iron addition to  flames is 
the focus  o f  this investiga tion , refractive  ind ices  ch a ra c te r is t ic  o f  iron 
w ere also examined. Determ ination o f  the exact chem ical species o f  iron 
throughout the flames was a significant part o f  the present study, and will 
be discussed in detail in following chapters. The refractive indices o f  the 
iron  spec ies  and the re frac tive  index o f  soo t used  fo r  the sca tte r ing
calcu la tions  are presented in Table 2.2. The refractive indices o f  the iron 
oxides FeO and Fe2C>3 were determined from ellipsometry m easurem ents  (see 
S tagg , 1992) on com pressed  pe lle ts  o f  reagen t g rade  po w d ers  o f  the
respec tive  oxides under  am bient conditions. The re levan t data  from the 
e llipsom etry  m easurem ents is presented in Appendix A.
Table 2.2. Refractive indices o f  soot and various 
iron compounds at the wavelength 488 nm.
M a te r i a l R efrac tive  index R e f e r e n c e
Soot m  = 1.5-0.4i p re sen t study
Fe m  = 2.40-3.54i L a n d o l t - B o r n s t e i n ,
1985
FeO m  = 2.13-0.69i p re se n t  s tudy
Fe203 m  = 1.64-0.30i p re se n t  s tudy
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The extinction efficiencies for the soot and various iron particles are
presented in Figure 2.4. The size parameter varies from 0.02 to 1.0, which 
fo r  a constan t wavelength o f  488 nm corresponds to partic le  diameters 
ranging from 3.1 to 154.6 nm. For small values o f  size parameter, a  <0.1, the
extinction efficiencies are greatest for the soot particles, followed by the 
FeO, Fe and Fe2 0 3  particles. In this range o f  size parameters, the extinction 
efficiencies o f  the FeO particles are an average o f  1.6 percent less than the 
soo t partic le  effic iencies, while the effic iencies o f  the Fe and F e2 0  3 
partic les  are an average o f  15.7 and 32.6 percent less than the soot
e ff ic ienc ies ,  respectively . For size param eters  g rea ter  than 0 .22, the
extinction efficiencies o f  the Fe and FeO particles are greater than the soot
partic le  effic iencies, while the F e2 0  3 particle effic iencies rem ain  below
those o f  the soot particles. At a size parameter equal to 1.0, the extinction
efficiency o f  the iron particle is 30.1 percent larger than the FeO particle
efficiency, and 64.6 and 67.8 percent larger than the soot and Fe2 0 3  particle 
effic iencies , respectively. The behavior o f  the extinction effic iency in
Figure 2.4 demonstrates the importance of both the size and the refractive 
index o f  a given particle. The dependency o f  light scattering on these two
param eters will be further discussed below.
The scattering efficiencies for the soot and various iron compounds
are presented in Figure 2.5. The scattering efficiency profiles reveal a
large initial increase for small size parameters, which is a result o f  the
fourth power o f  radius dependence (see Equation 2.23) o f  the scattering
effic iency. Furthermore, the scattering efficiency values increase in the 
order o f  Fe > FeO > Fe2 0  3 > soot, for the entire range o f  size parameters 
considered. This order corresponds to the values o f  the real part o f  the 
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Figure 2.4. The extinction efficiency as a function o f  size 
param eter for various values o f  refractive index at the 
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Figure 2.5. The scattering efficiency as a function o f  size 
param eter for various values o f  refractive index at the 
wavelength 488 nm (see Table 2.2).
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partic le  cannot be predicted by the refractive index alone. As the size 
param eter  increases, the extinction efficiency o f  a spherical partic le  may 
rise smoothly to its asymptotic value o f  2.0 , or it may oscillate prior to
reaching the limiting value. The number and degree o f  oscillations depend
on both the absolute values o f  the real and imaginary parts o f  the complex 
re frac tive  index, and on the relative d ifference betw een the tw o parts. 
This behavior is apparent in Figure 2.4, in which the extinction efficiency 
profiles  o f  the four particles differ in both magnitude and slope for the 
various refractive indices, and are not easily correlated with respect to the 
i n d i c e s .
In addition to exam ining the scattering behav ior  o f  hom ogeneous 
spheres ,  i t  is useful to exam ine the scattering  param eters  o f  nonhom o- 
geneous partic les. Extinction and scattering effic iencies were calcu la ted  
using  the scattering solution for concentric spheres (Equations 2.46-2.51), 
in which the core was taken to be either Fe, FeO or Fe2 0 3 , and the shell was 
taken to be soot. The application o f  this model to actual flame systems is 
discussed in a later section, but is used here for calculations to elucidate the 
optical behavior o f  multicomponent particles. For a fixed wavelength and 
shell radius, the radius o f  the core may be varied from zero to the value o f  
the shell. A core radius to shell radius ratio o f  0.0 results in a solid soot 
particle, while a core/shell ratio o f  1.0 corresponds to a particle composed 
entirely o f  the core material, in the present case either Fe, FeO or Fe2 0 3 . 
The extinction and scattering efficiencies as a function o f  the core radius 
to shell radius ratio are presented in Figures 2.6 and 2.7 for various iron 
compounds coated by soot, with a fixed shell diameter o f  50 nm.
The extinction efficiency profiles o f  the Fe and FeO cored particles
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Figure 2.6. The extinction efficiency as a function o f  core / 
shell radius ratio  for various iron com pounds coated with 
soot. The shell diameter is equal to 50 nm, and wavelength 
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Figure 2.7. The scattering efficiency as a function o f  core/ 
shell radius ratio for various iron compounds coated with 
soot. The shell diameter is equal to 50 nm, and the wavelength 
is equal to 488 nm.
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so lid  soo t o r  solid  iron com pound partic les. This behav io r  is no t  present 
w ith  the F e2 0  3 p a r t ic le s ,  in  w hich the ex t in c tio n  e f f ic ie n c y  d ec re ase s  
sm ooth ly  from the solid soo t particle effic iency to the solid Fe2 0  3 partic le  
e f f ic ien cy .  T he sca tte r ing  e ff ic ienc ies  fo r  all th ree  p ar tic le s  con ta in  no 
peaks, bu t  increase smoothly from the solid soot partic le  values to the solid
iron com pound  partic le  values for all cases.
A dditionally ,  the ex tinc tion  effic iency  profiles fo r  shell d iam ete rs  o f  
5 and 75 nm are presented in Figures 2.8 and 2.9, respectively. For all three 
shell d iam ete rs  cons idered , the  Fe co red  pa r t ic le s  possess  p eak s  in the 
e x t in c t io n  e f f ic ien cy  p ro f iles  w hich sh if t  tow ard  h ig h e r  co re /she ll  ra tios 
as the shell d iam eter increases. The behavior o f  the Fe2 C>3 cored partic les  is 
a lso  cons is ten t for all three shell d iam eters, with the e ff ic iency  decreasing  
sm oothly  from the solid soot value to the solid Fe2 0  3 value. H ow ever, the 
peak  in the ex t in c tio n  eff ic iency  p ro f i le s  o f  the FeO  cored  pa r t ic le s  is 
present only in the cases o f  the 5 and 50 nm shell diameters. F or  the 75 nm
diam ete r  shell, the effic iencies o f  the FeO  cored partic les  contain  no peaks,
but increase sm oothly from the solid soot to the solid FeO particle values.
T he in te res ting  phenom ena that for som e pa r t ic le s  the re  is  a p ro ­
nounced  increase  in ex tinc tion  effic iency  when a th in  coa ling  o f  soo t is 
p resen t is in agreem ent w ith results reported by Fenn and O ser  (1965) for 
w ater  coated, soot particles. The fact that the ex tinction  e ff ic iency  o f  the 
iron  and soo t partic les  may be g rea te r  than the ex tinc tion  e ff ic ienc ies  o f  
e i th e r  cons ti tuen t partic le  may be explained in term s o f  the absorp tion  and 
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Figure 2.8. The extinction efficiency as a function o f  co re / 
shell radius ratio fo r  various iron com pounds coated with 
soot. The shell d iameter is equal to 5 nm, and the wavelength 


























0.4 0.6 0.8 1.00.0 0.2
Core R a d iu s/S h e ll Radius
Figure 2.9. The extinction efficiency as a function o f  core/ 
shell radius ratio fo r  various iron com pounds coated  with 
soot. The shell diameter is equal to 75 nm, and the w ave­
length is equal to 488 nm.
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two. The role o f  the refractive indices of the core and the shell in the 
scattering characteristics o f  concentric spheres is interdependent. In the 
case o f  Fe and FeO cored particles, a thin coating o f  soot increases the 
ab so rp t io n  e f f ic ien cy ,  and hence  the ex t in c tio n  e f f ic ien cy ,  in the
following manner. Light scattering by particles is a surface phenomena, 
while absorption takes place throughout the particle. At the wavelength
488 nm, both Fe and FeO particles, as may be seen from Figure 2.5, are better 
scatterers of light than soot particles. When a thin layer o f  soot is present 
on the Fe or FeO cored particles, the amount of scattered light is reduced due 
to the reduced scattering cross section o f  soot particles, and consequently 
more light enters the particle where it is absorbed. Since the soot layer is 
relatively thin, the increased amount of light is still adequately absorbed
within the core, which results in an increased absorption efficiency and 
hence an increased extinction efficiency over that o f  the solid Fe or FeO
particle. The reason that this effect may vary with particle size is a result 
o f  the extinction efficiency (see Figure 2.4) being functions o f  both the 
particle size and refractive index.
The p reced in g  sca tte r ing  ca lcu la tions  dem onstra te  the com plex  
scattering characteristics which particles may exhibit. The scattering be­
havior o f  a particle system may be influenced by the size and nature o f  the 
scatterers, and effects o f  particle inhomogeneity can be important. The 
equations  developed throughout this chapter provide the foundation for 
the analysis o f  the experimental data utilized in the present study.
CHAPTER 3
EXPERIMENTAL FACILITIES AND MEASUREMENTS
In th is  chap te r ,  the experim en ta l fac i l i t ie s  d e s ig n ed  and fab r ica ted  
fo r  the  present study are presented. Included are the flat f lam e burner and 
fuel add i t ive  vapo riza tion  system . In add ition , the p ro ced u re s  used  fo r  
ex p e r im en ta l  m easu rem en ts  are p resen ted  a long  with all the  exp er im en ta l  
da ta  fo r  both unseeded and iron pentacarbonyl seeded flam es.
3.1 Experimental Facilities
3.1.1 F lat Flame Burner
T hroughou t the present study o f  the soot suppressing  m echan ism s o f  
iron, a prem ixed lam inar flam e supported on a flat flam e burner was used. 
The fla t flam e burner best simulates the theoretical conditions  o f  a flame: a 
co lu m n  o f  re a c ta n t  gas  m ix tu re  p ass in g  th ro u g h  a s ta t io n a ry ,  p la n a r  
reac tion  zone with the products  m oving  away as an und is tu rbed  co lum n o f  
gas. Several d ifferent fla t flam e burner designs are usable , inc lud ing  w ater  
coo led ,  solid  p lug  burners  constructed  o f  a porous,  s in te red  m ateria l ,  and 
m u l t ip le  cell bu rners  cons truc ted  typ ica lly  from  e i the r  a packed  a r ra n g e ­
m en t o f  small steel tubes o r  o f  a honeycom b m ateria l.  To  avoid possib le  
b lockage  o f  a s in tered  type burner by iron oxide fo rm ation , a bu rner was 
designed  around an uncooled, ceram ic honeycom b plug. The burner p lug  is
57.2 mm  in d iam eter and is constructed o f  C om ing  Celcor, 400  cells/sq. inch. 
A schem atic  o f  the bu rn e r  is presented  in F igure  3.1. The b u rn e r  is
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Sintered bronze
llll l l l l Corning Celcor
* ---------  2 1/4"
f  Burner f  
In le ts
Shroud Inlet
Figure 3.1. Ceramic flat flame burner.
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supported on a stainless steel cylinder which also creates an annular region 
betw een i tse lf  and the outer aluminum housing. The annu la r  reg ion  is 
capped  w ith  a porous, sintered bronze annulus, through which nitrogen or 
ano ther  inert gas may pass to  shield the flame from the en tra inm ent o f  
surrounding  air. A series o f  perforated stain less steel d isks arc p resen t 
below  the burner plug to further mix and evenly distribute the in le t fuel 
and oxygen flow.
Since the burner design was new and untested, the com bustion  gas
p roportions  had to be selected and a series o f  experim en ts  perform ed ,
inc luding  tem perature  and velocity  m easurem ents, to evaluate  the stability  
and one-dim ensionality  o f  the burner. The relative am ounts o f  fuel and 
oxygen are frequently expressed by the fuel equivalence ratio <(>, defined as
^ _  m o ls fu e l/ m o lso x y g e n )actuai (3
m ols fuel /  m ols oxygen)stoichionietric
As flames become fuel rich, <|>>1, soot particula tes  are form ed and
flame tem peratures are decreased due to incomplete com bustion and enhan­
ced rad ia tive  hea t transfer from the soot partic les. S ince  the ceram ic 
burner is uncooled, it was necessary to select limits o f  <}> to prevent over­
hea ting  and possible  flashback o f  the flame. Flashback occurs w hen the 
flam e front propagates into the burner. The means o f  selecting the fuel 
equivalence ratios for flame stability are presented in detail in Appendix B. 
Based on adiabatic flame speeds, the calculated limits o f  $ to prevent flash­
back  are (f> <0.76 for fuel lean flames, and ()> >1.43 for fuel rich flames. It
should be noted that the adiabatic flame speed is the flame speed obtained 
under the ideal condition o f  no heat loss. However, burners typically do not
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opera te  un d er  ad iabatic  conditions , and subsequent f lam e speeds m ay be 
up  to  90 percent less than the adiabatic flame speed (B otha and Spalding, 
1954). A ssum ing m odest heat loss o f  less than 10 percen t, the designed
ceram ic  burner should  rem ain  s tab le  for all fuel equ iva lence  ra tios (see 
A ppendix  B).
A flat flame burner should provide a one-dim ensional flam e in which 
the param eters  vary  only ax ially , w ith  no radial o r  angu la r  dependence  
w ith  respec t to a cy lindrica l coordinate  system. W hen u ti l iz ing  s in te red  
type burners, back pressure is developed below the burner plug. The back 
p ressure  contributes tow ard a more uniform diffusion  o f  gases through the
burner, resu lting  in a flat velocity distribution at the burner surface. The
p re sen t  ceram ic  honeycom b burner, how ever, p roduces  p rac tica l ly  no  back 
p ressu re  because o f  the size and num ber o f  cells. To ensure  a uniform
velocity  profile at the burner surface, a series o f  perforated  s ta in less  steel 
disks were placed below the ceramic plug. The purpose o f  the disks is to
flatten the velocity  profile o f  the inlet gases by distributing the flow evenly 
p rio r  to  entry into the ceramic burner plug.
To assess  the ex it  ve loc ity  un ifo rm ity  o f  the bu rn e r ,  the rad ia l 
velocity profiles o f  several cold gas flows were measured at a height o f  3 mm 
above the burner surface utiliz ing a hot wire anem ometer. A nickel fiber- 
film probe (DISA, model 55R03) with a 75 micron diameter and length o f  1.25
m m  was used at a probe operating tem perature o f  200°  C. Two cold gas
nitrogen flow rates were investigated, 6.2 and 7 .4 cm /sec based on vo lum e­
tric flow. The measured radial velocity profiles are presented in Figure 3.2.
T he velocity  profiles are expressed as the output voltage o f  the hot 
film probe. The output voltage is sufficient to establish the velocity profile, 
and consequently  absolute calibration o f  the ho t w ire anem om eter  w as not
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perform ed. For both cold gas flow rates, the m aximum voltage fluctuation 
deviated from the mean voltage by less than 0.1 percent. The radial velocity 
p ro files  w ere also m easured  for d ifferen t angular cross sec tions ,  y ie ld ing  
s im ila r  resu lts .
To fu rther  assess the one-dim ensionality  o f  the bu rner under  actual 
o p e ra t in g  cond itions ,  the radial tem pera ture  p ro files  o f  the  f lam e were 
m e asu re d  at severa l pos itions  above the bu rn e r  su rface . T em p era tu re  
m easurem ents  w ere perform ed using a platinum  vs. p la t in u m -10% rhodium  
therm ocouple  with a bead diam eter o f  0.5 mm. Complete deta ils  o f  the 
te m p era tu re  m easu rem en ts  are p resen ted  in a fo llow ing  sec tion .  The 
therm ocoup le  was supported on a translation m echanism  w hich  enab led  it 
to be quickly  inserted and retracted to and from the exac t cen ter  o f  the 
flame. A fter each measurement, the thermocouple bead was cleaned with a 
je t  o f  compressed air to remove any soot deposits.
The radial tem perature profiles for a fuel rich, p rem ixed  propane 
and oxygen flame at the heights 3 and 12 mm above the burner surface are 
presented  in F igure  3.3. The radial temperature profiles ver if ied  tha t the 
f lam e was therm ally  one-dim ensional. Tem peratures  fluctuated  an average 
o f  0.7 percent from the mean temperature at 3 mm, and 0.8 percent from the 
m ean tem pera tu re  at 12 mm. The radial tem perature  p ro f iles  do  reveal 
slight edge effects, in which the tem perature drops due to the entra inm ent 
o f  nitrogen from the shroud flow. These effects are small, less than a 2 
percen t drop in tem perature from the mean value, and m ay be considered 
ins ign if ican t.  T he radial cold gas velocity  and tem perature  m easurem ents  
verified  that the flow field produced by the designed ceramic burner is in 
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Figure 3.2. Measured radial velocity profile o f  the ceramic 
flat flame burner at a height o f  3 mm above the burner 
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Figure 3.3. M easured radial tem perature profile o f  the ceram ic  
flat flame burner at heights o f  3 and 12 mm above the burner.
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3.1.2 Fuel Additive Vaporization System
The source o f  iron in the present study was iron pentacarbonyl, 
F e ( C O ) 5 . Iron pentacarbonyl is a yellow to dark red liquid at room tempera­
tures with a specific gravity o f  1.45, and is insoluble in water. The freezing 
point o f  iron pentacarbonyl is -25 °C  and its boiling point is 103°C. A 
com plete  lis t  o f  the properties o f  iron pentacarbonyl are presented  in 
Appendix C. A fuel additive system was designed to accurately deliver a 
know n am ount o f  iron pentacarbonyl vapor to the fue l/oxygen  supply 
prior to entry into the burner. A schematic o f  the fuel additive system is
presented in Figure 3.4. A percentage o f  the total nitrogen burner flow is
directed through a heated, stainless steel cylinder contain ing  liquid iron 
pentacarbonyl. The nitrogen flow through the cy linder, which becom es
partia lly  saturated with iron pentacarbonyl, is then re in troduced  to the
bulk nitrogen flow and passed to burner. The additive mass flow rate is
dependent on the flow rate of the nitrogen carrier gas through the vaporiz­
ation cylinder, and on the vaporization cylinder temperature. The cylinder 
tem perature  was maintained by a PID m icroprocessor con tro ller  (Omega, 
model CN9000), which enabled the entire cylinder to remain within 1°C  of
the p re-se t tem perature. The flow rate o f  the n itrogen  th rough  the 
vaporization cylinder was monitored with a thermal-type digital mass flow ­
meter (Hastings, model HFM 200), with an accuracy o f  1 percent o f  the full 
scale flow rate o f  300 cc/min.
To realize  additive concentrations typical o f  fuel additive flame 
studies, iron pentacarbonyl mass flow rates in the range o f  1 to 2 grams/hr
were required. The designed vaporization system provides the desirable
additive flow rates with 200 ml of iron pentacarbonyl in the cylinder and 
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Figure 3.4. Fuel additive vaporization system.
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v a p o r iz a t io n  c y l in d e r  w ere  c o n s ta n t ly  m a in ta in e d  a t 3 5 °  C to  p rev en t  
co n d e n sa t io n  o f  the  iron  pen taca rb o n y l v ap o r  in the  l ines .  T he fuel 
a d d i t iv e  sy s tem  w as  fu lly  ca l ib ra ted  by u s in g  a c o n d e n sa t io n  co il  to 
co n d en se  and then  m easu re  all the iron p en taca rbony l v a p o r  leav ing  the 
cy linder  fo r  a g iven  n itrogen flow rate and cy linder tem perature . A 2.3 m 
lo n g  co n d en sa t io n  coil w as cons truc ted  o f  6 mm  o.d . P y rex  tu b in g  and 
packed  w ith  2 mm  d iam ete r  g la ss  beads to increase  the in te rna l su rface  
area. The condensation coil was immersed in a -15°C  ice bath m aintained by 
a m ix tu re  o f  e thy lene  glycol and dry ice (Phipps and H um e, 1968). The 
te m p e ra tu re  o f  the  ice ba th  ensured  com ple te  co n d en sa t io n  o f  the  iron 
pen tacarbony l vapor, bu t was above the -25° C freezing  tem pera tu re  o f  iron 
pen tacarbony l to  prevent b lockage o f  the coil by frozen condensate .
The calibration procedure was as follows. The desired  am ount o f  iron 
p en tacarbony l was added to  the vaporization  cy linder, and was a l low ed  to
reach  equ ilib rium  at the pre-set tem perature o f  the cy linder. The co n d en ­
sa tion  coil was cleaned  inside and outside w ith  m ethyl a lcohol, thoroughly
d ried  w ith  com pressed  air, and sealed. The en tire  condensa tion  co il was 
w e ig h ed  on  an ana ly tica l ba lance  w ith  an accuracy  o f  0 .5  mg. The
c o n d e n sa t io n  tube  w as connec ted  to the  fuel add itive  v ap o r iz a tio n  system
with 45 cm o f  1/4" Teflon tubing. A flow o f  nitrogen was established via the 
cy l in d e r  by-pass  tube, and the condensation  coil was im m ersed  in the ice
bath . O nce an equ ilib rium  tem perature  was ob ta ined  in the ice bath  and
condensa t ion  coil, the n itrogen flow  w as diverted  through the vapo riza tion
cy l in d e r  and the desired  flow  ra te  th rough  the cy l in d e r  w as es tab l ished .
Iron  p en tacarbony l condensate  was co llec ted  fo r  tim es rang ing  from 45 to
70  m inu tes ,  after w hich the condensation coil w as im m ediate ly  d isconnected
and sealed. The outside  o f  the condensation  coil w as tho rough ly  c leaned
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with methyl alcohol and dried, after which the coil was again weighed. The 
to ta l m ass  o f  iron pen tacarbony l co llec ted  fo r  a g iven  sam p lin g  time 
enabled calculation o f  the iron pentacarbonyl mass flow rate. To assess the 
acc u ra c y  o f  the  ca l ib ra t io n  p rocedu re ,  a te s t  run  w as p e rfo rm ed  as 
d e sc r ib e d  ab o v e  b u t  w ith  no iron p en taca rb o n y l in the  v ap o r iz a t io n  
cy linder.  This procedure should have resulted in an identical initia l and 
final w eigh t o f  the condensation coil, in which any dev ia tions  would be 
indicative o f  the accuracy of the calibration procedure. A fter a sample time 
o f  60 m inutes, the difference between the initial and final w eight o f  the 
condensation  coil was less than 5 mg, which is within 0.3 percent o f  the 
m ass o f  iron pentacarbonyl collected during a typical calibration run.
The fuel additive system was calibrated  for 200 ml o f  iron p e n ta ­
c a rb o n y l  in the  v a p o r iz a t io n  c y l in d e r ,  and fo r  a c y l in d e r  p re - s e t  
tem perature  o f  2 8 ° C. The calibration curve is presented in Figure 3.5. Each 
ca lib ra t ion  po in t represents the average o f  three calibra tion  runs, and the 
average dev ia tion  o f  all points was less that 3 percent. A linear  least- 
squares fit o f  the calibration curve is
y = 0.01478(x) + 0.05967, (3 .2 )
with a correlation coefficient o f  0.999, in which y is the mass flow rate o f  
iron pentacarbonyl (g/hr), and x is the flow rate o f  n itrogen through the 
cy linder (cc/m in). The fuel additive vaporization system can produce iron 
pentacarbonyl vapor mass flow rates ranging from 0.81 to 2.70 g/hr, and is 
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Figure 3.5. Fuel additive vaporization system calibration curve for 
200 ml o f  liquid iron pentacarbonyl and a 28°C  cylinder tem perature .
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3.1.3 Soot Particle Sampling Probe
W hile  dynam ic  and c lass ical ligh t sca tte r ing  m e asu re m en ts  both 
allow in situ evaluation o f  flame soot parameters, it is  also desirable to  be 
able to extract soot particles from within the flame for subsequent chemical
and electron microscopy analysis. Extractive probes may be divided into two 
ca tegories  a f te r  Sam uelson, et al. (1983), which include point and rake 
m easurem ent probes. Point measurements are made at a single location in 
the flame o r  exhaust plume, and permit spatial differentiation o f  the flow 
field and the possibility o f  flow field mapping. Utilization o f  a point probe 
for overall flow field trends may be time intensive. Rake probes, however, 
elim inate this problem by simultaneously sampling at various points across 
the flow field. The limitations o f  rake probes are their inability to provide 
spatial d iffe ren tia t ion , and the difficulty  o f  achieving isokinetic  sam pling  
across the entire flow field. Samuelson, et al. (1983) reported in detail the 
design cons idera tions  for ex tractive  probes and p rovided  a sum m ary  o f  
various notew orthy probe designs. Among the design considera tions listed 
are the physica l size o f  the probe, cooling o f  the probe, quench ing  o f  
chem ica l reac tions  within  the sam pled  flow , isok ine tic  sam p lin g ,  and 
prevention  o f  w ater condensation both within and on the surface o f  the 
p r o b e .
D obbins and Megaridis (1987) discussed a variety  o f  probe config ­
urations based on therm ophoretic  sampling. Therm ophoretic  deposition  is
driven by the presence of a temperature gradient in the vicinity o f  a cold 
wall inside the flow field o f  a particle laden gas. This gradient is readily
established by introducing briefly into the hot flame gases a probe surface 
w hich was initially at room temperature. This technique is well suited for 
collection o f  soot particles for electron microscopy because it eliminates the
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po ten tia l  o f  partic le  agg lom era tion  which may o ccu r  w ith in  ex trac tive  type 
p ro b es .  H o w e v e r ,  a d raw back  o f  th e rm o p h o re tic  sam p lin g  is th a t  the 
am oun t o f  so o t  co l lec ted  is  in su ff ic ien t  fo r  near ly  all ch em ica l  ana lysis  
t e c h n i q u e s .
T he  p r im ary  design  c r ite r ia  for the sam pling  p robe  in the  p resen t  
in v e s t ig a t io n  w ere  the  ab ility  to prov ide  appropria te  q u en ch in g  o f  c h e m ­
ical reac tions , to  approx im ate  isok ine tic  sam pling , to p rov ide  good  spatial 
reso lu tion  w ith in  the flam e, and to co llect a su ffic ien t quan tity  o f  soo t to 
enab le  chem ica l analysis . S ince  the chem ica l ana lysis  o f  co l lec ted  soo t 
p a r t ic le s  w as  the  p rim ary  m otiva tion  fo r  sam pling , pa r t ic le  ag g lom era t ion  
w ith in  the probe was o f  no significant concern.
A sam pling  probe s im ila r  to those u tilized  by  R itriev i (1984) and 
D odds, et al. (1976) was designed  and constructed. The probe consis ts  o f  
three s ta in less  s tee l concen tr ic  tubes  w hich a llow  c o o lin g  w a te r  to  flow  
betw een the tw o annular regions, and for the sam pling to be done  through
the cen te r  tube. The cooling  w ater functions to m ain ta in  the  in tegrity  o f
the p robe  w hen exposed to flam e tem peratures approaching  1700 K, and to
q u en ch  ch em ica l reac tions  once the sam pled  flow  en te rs  the  p robe . A
schem atic  o f  the probe and the sampling system are presented in F igures  3.6 
and 3.7, respec tive ly .  The probe is su ff ic ien tly  sm all and w as o rien ted  
v er tica l ly  to  l im it as m uch as possib le  any per tu rb ing  effec ts  w ith in  the 
flam e. T he soot sam pling  was accom plished by es tab lish ing  a vacuum , on 
the o rd e r  o f  1 torr, dow nstream  o f  the probe and consequently  d raw ing  the 
flame gases into the probe. The flame gas sampling rate was set to  1.4 1/min 
fo r  all experim en ts .  The soot partic le  co l lec t ion  w as done  w ith in  the 
sa m p lin g  g r id ,  w hich  a l low ed  p lacem en t o f  f i l te r  e lem en ts  fo r  ch em ica l 
analysis or TEM  grids for microscopy analysis o f  collected soot. The system
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Figure 3.7. Experimental set-up for soot particle sampling.
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en ab led  a n i t ro g en  pu rg e  to  be es tab l ished  th ro u g h  the p ro b e  p r io r  to 
b u rn e r  ig n i t io n .  T he  n i t ro g en  pu rge  fu n c t io n ed  to  k eep  the tu b in g ,  
sam p lin g  grid ,  and probe tip c lean  during  f lam e ign ition  and  during  the 
period  required  to  establish  therm al equilibrium . As m entioned  above, it is 
desirable  to achieve as high a degree o f  isokinetic sam pling as possible. The 
flam e gas sam pling  rate was selected such that the flame appeared the m ost 
u n d is tu rb e d  n e a r  th e  p ro b e  in le t ,  as d e te rm in e d  by o b s e rv in g  the  
s tream lines  v is ib le  in the flam e. Furtherm ore , ca lcu la t ions  based  on  the 
vo lum etr ic  sam pling  rate and d im ensions  o f  the probe p red ic ted  sam pling  
velocities  on the order o f  the m easured flame velocities, which arc discussed 
be low . T here fo re ,  a reasonable  approx im ation  o f  isok ine tic  sam p ling  was 
rea lized  during  soot partic le  sam pling.
3.2 Experimental Measurements
3.2.1 Prem ixed  Flam e Parameters
The experim ental m easurem ents  perform ed in the p resen t  s tudy were 
m ade  u s ing  the fla t f lam e bu rner  previously  described . S p ec if ica l ly ,  two 
prem ixed  propane and oxygen flames with fuel equivalence ra tios o f  2 .4  and 
2.5 w ere  investigated. The flames w ere dilu ted  48  percen t by volum e with 
n itrogen, and the total cold gas velocity was 7.3 cm/sec for both flam es. The 
p ropane , oxygen  and n itrogen  w ere  all o f  u ltra -h igh  purity  grade (>99.999 
percen t)  and w ere supplied  from regulated cy linders . The f low  rates  were 
m onito red  w ith  therm al-type digital mass flow m eters  (H astings, model HFM  
200), w ith  an accuracy o f  1 percent o f  the full scale flow  rate o f  5.0 1/min. 
The 2.4 and 2.5 fuel equivalence ratio flames are designated F lam es 1 and 2,
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respectively , and are summarized in Table 3.1. The flames were stabilized by 
a ce ram ic  h oneycom b  (25 ce lls /sq .inch)  p laced  30 mm above  the b u rn e r  
su rface . A n itrogen  shroud flow  rate o f  10.6 1/min w as used  to lim it 
e n tra in m en t o f  surrounding  a ir  into the flame.
As d iscussed  p reviously , the source o f  iron in the p resen t in v e s t i­
gation was iron pentacarbonyl. Iron pentacarbonyl m ass  flow rates o f  1.19
and 2.31 g /h r  were studied. These two iron pentacarbonyl m ass flow rates 
co rre sp o n d  to  0 .16  and  0 .32 percen t by w eigh t iron to  fue l ,  and are 
designated  as iron Rates 1 and 2, respectively. The iron pentacarbonyl flow 
rates are sum m arized in Table 3.2.
The axial tem perature  profiles  o f  the flam es w ere m easured  using  a
p la t in u m  vs. p la t in u m -10% rhodium  the rm ocoup le  as p rev io u s ly  descr ibed .  
T he the rm ocoup le  tem peratures  were corrected  for rad ia tion  losses  us ing  
the  re la t io n
T n .m c= !® - ( T t - T i )  + T«, (3 .3 )
w here  T f iam e is the corrected flame temperature. In the above equation, T tc 
is the m easured  therm ocouple  tem perature, X» is the am bient tem perature , e
is the em issiv ity  o f  the therm ocouple, a  is the S te fan -B o ltzm ann  constan t ,  
and  h is  the  co n v ec tio n  h ea t  t ra n s fe r  c o e f f ic ien t  b e tw een  the  th e rm o ­
couple and the flame gases. The emissivity o f  the therm ocouple was taken to
be 0.20 a f te r  Seshadri and Rosner (1984), and the convection  coeffic ien t was 
c a lc u la te d  to  be 390  W /m ^ K  based  on the  av e ra g e  te m p e ra tu re  and  
com position  o f  the flame. The rad ia tion  corrected  axial f lam e tem pera tu re  
p rofiles  are presented in Table 3.3 and in Figure 3.8 for F lam e 1, unseeded 
and seeded  w ith  iron pen tacarbonyl at Rates 1 and 2. T he m ax im um
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Table 3.1. Summary o f  the composition and flow 
rates o f  the prem ixed flam es investigated.
Gas Flame 1, <{>= 2.4 
( 1/ m i n * )
Flame 2, (j) = 2.5 
( 1/ m i n )
P r o p a n e 1.70 1.75
O x y g e n 3.66 3.61
N i t r o g e n 4,94 4JL4,_
T o ta l 10.30 10.30
* Reference state: 0°C, 1 atm. Densities: propane 2.03 g/1, 
oxygen 1.43 g/1, and nitrogen 1.25 g/1.
Table 3.2 Sum m ary  o f  the iron pentacarbonyl f low  rates.
Rate Fe(CO)s Percent Fe(C O )5 P e rc e n t  Fe
(g Fe(CO)5/hr) (g Fe(CO)5 / g C 3H 8) (g Fe /  g C3H 8)
Rate 1 1.19 0 .57% 0 .16%
Rate 2 2.32 1. 12% 0.32%
Table 3.3. Optical path lengths and radiation corrected axial 
f lam e tem peratures for Flame 1, unseeded and seeded with 
iron pentacarbonyl at Rates 1 and 2.
H e i g h t
( m m )
P ath  leng th  
( m m )
T em p era tu re  (K)
Unseeded Fe Rate 1 Fe Rate 2
2 53.5 1510 1502 1547
4 53.1 1427 1420 1437
6 52 .9 1381 1389 1394
8 51 .4 1369 1359 1373
10 49 .9 1349 1340 1358
12 48 .7 1348 1323 1342
14 48 .5 1329 1318 1322
16 48 .3 1298 1304 1309
18 48 .0 1290 1300 1293
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Figure 3.8. Corrected axial temperature measurements for Flame 1,
unseeded and seeded with iron pentacarbonyl at Rates 1 and 2.
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tem peratu re  d ifference between the unseeded and seeded flam es is 2.5 
percent, which is well within the experimental error limits o f  approx­
imately 5 percent. It is necessary that the addition o f  iron pentacarbonyl 
vapor have no significant effect on flame temperatures. I f  appreciable 
changes in temperature occurred in the seeded flames, the effects on soot 
form ation processes resulting from thermal perturbations, such as changes 
in combustion reaction rates, would have to be considered in combination 
w ith  any effects  resulting from iron addition. The axial tem perature 
m easurem ents  verified that no temperature effects were in troduced  upon 
the addition o f  iron pentacarbonyl.
In addition to establishing the temperature profiles o f  the flames,
know ledge o f  the optical path length at each location in the flames was
necessary. The stabilizing honeycomb resulted in a flame profile  which 
first decreased in diameter, and then increased in diameter as the effect o f  
the honeycomb was realized. The optical path lengths o f  the flame in the 
p resen t  study w ere determ ined  by pho tographing  the  f lam es w hile  a 
focused argon ion laser beam was passed through the center o f  the flame.
The high intensity laser beam was visible across the entire pathlength, and
provided a clear demarcation o f  the optical path. At each position above the 
burner surface, the flame was photographed and the path length  deter­
mined by comparing the length o f  the beam path in the photograph with a 
known length in the photograph. The measured optical path lengths as a 
function o f  height above the burner for Flame 1 are also presented in Table
3.3. It is noted that the optical path lengths are the same in both unseeded 
and seeded flames.
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3.2.2 Light Scattering and Extinction M easurements
3.2 .2 .a Experimental Set-up
The experim ental facility  utilized  in the p resen t study allow ed both 
class ical and dynam ic light scattering m easurem ents  to be perfo rm ed  using 
the sam e scattering  volum e within the flame. This was accom plished  by 
using  the sam e de tec to r/de tec tion  optics  for each  m easu rem en t,  and p ro ­
cess ing  the signal in two d ifferen t ways. The signal fo r  dynam ic ligh t 
scattering measurem ents was processed in a digital m ode and analyzed by a 
d ig ita l au tocorre la to r .  The classical ligh t sca tte r ing  and ex tinc tion  m e a ­
su rem en ts  w ere  perfo rm ed  s im u ltan eo u sly  and p ro cessed  in the ana log  
mode, m aking  use o f  a m echanical light chopper and lock-in am plifiers  to 
separa te  the sca tte r ing  s ignals  from the background  f lam e em iss io n  and 
o the r  s tray  light.
A schem atic  o f  the light scattering experim ental set-up is presented  
in F igure 3.9. A 3W, cw argon ion laser (Spectra Physics, model 164) was 
utilized in the present investigation. The laser was tuned to the 488 nm line 
and v e r t ic a l ly  po la rized  with respec t to the sca tte r in g  p lane , w hich is 
def ined  by the scattered light in the positive  0 -d irec tion .  The spa tia l
reso lu tion  and the signal to noise ratio  w ere s im ultaneously  im proved  by 
focusing the laser beam to the center axis o f  the burner with lens L I ,  which 
produced a spot size o f  0.10 mm. The diaphragms D1 and D2 further defined 
the spot size o f  the beam and eliminated stray light. The scattering volume 
v iew ed  by the pho tom ultip lie r  tube de tec to r  was fo rm ed at the cen te r  o f  
the burner by lens L2 and the diaphragms D3 and D4. The distance o f  the 
lens L2 from the central axis o f  the flame was twice the focal length o f  the 
lens ( f  =  125mm), as was the distance o f  the pho tom ultip lie r  tube surface. 
C o n seq u en tly ,  an im age o f  the sca tte r in g  v o lum e w as fo rm ed  on the















Figure 3.9. Experimental set-up and equipment 
for ligh t scattering  and extinction  m easurem ents .
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photom ultip lier tube with a magnification o f  unity. The po la rizer  allowed 
only linearly polarized light to enter the scattering detector, and was set for 
all experiments to admit only vertically polarized light. A 488 nm laser line 
filter with a bandwidth o f  1 nm was used to further reduce stray light and 
flam e em ission.
A square-wave reference frequency o f  2010 Hz was superim posed on 
the la se r  beam by a m echanical chopper (P rince ton  A pplied  R esearch , 
m ode l 196) when perfo rm ing  c lass ica l  l igh t sca tte r in g  and ex tin c tio n  
measurements. The scattered light was detected by the photom ultip lier  tube 
(EMI, model 9863B/350), which was operated at an input voltage between 
1000 to 1500 volts. The output current o f  the photomultiplier tube was pre­
am plified  and passed to a lock-in am plifier  (PAR, m odel 1207), which 
separated  the input signal and provided a d ig ita l readout o f  the signal 
con ta in ing  only the reference frequency. The laser  ligh t chopper  was 
placed directly  in front o f  the laser exit, which reduced nearly all output 
signals resulting from stray light and thermal em ission. The la ser  beam 
transm ission  d irec tly  th rough  the scattering  system  was d e tec ted  by a 
pow er m eter (Spectra Physics, model 404), and the output signal similarly 
passed to a lock-in amplifier where the digital output signal was displayed.
The m echanical light chopper could not be used during  dynam ic 
light scattering measurements, and the laser line f il ter  alone was used to 
e lim inate  background flame emission and stray light. The photon pulses 
g e n e ra te d  by the  p h o to m u l t ip l ie r  tube  w ere  p a s s e d  th ro u g h  an 
am plifier/d iscrim inator (PAR, model 1182) with a threshold level adjustable 
from 150 to 500 |J.V, and pulse width adjustable from 10 to 75 nsec. The
standard ized  pulses were counted and au tocorrelated  by a Lang ley  Ford 
corre la tor (model 1096).
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The sca tte r ing  de tec to r  and detection optics  were m oun ted  on a 
ro tatable  arm w hich enabled scattering m easurem ents  to  be taken at the 
desired  scattering angle, 90°  in the present study. The entire burner system 
was able to translate vertically, while the light source, focusing optics, and 
detection system remained stationary in the horizontal plane. This enabled 
both classical and dynam ic light scattering m easurem ents  to  be performed 
as a function o f  height above the burner surface, with a spatial resolution 
o f  0.1 m m . The method for m easuring  the absorp tion  and sca tte r ing  
coeffic ien ts  as well as the testing o f  the perform ance o f  the m echanical, 
op tical,  and electronic com ponents have been reported in earlier  work by 
C hara lam popou los  (1987).
3.2.2.b Extinction and Scattering Coefficients
The ex tinction  coefficient, K e xt» was determ ined by m easuring  the 
transm ission  o f  the laser  beam through the know n path  leng th  o f  the 
flame. The vertica l-vertica l d ifferential sca tte r ing  coeff ic ien t ,  K'vv. was 
ca lcu la ted  from the m easured scattering  in tensity  th rough  the use o f  a 
ca libra tion  procedure. The extinction coefficient was determ ined from the 
relation (see Equation 2.29)
where I0 is the measured intensity o f  light incident on the flame, and I is 
the m easured  intensity  o f  ligh t transm itted  through the flam e along the 
optical pathlength L. The differential scattering coefficient was determined
(3 .3 )
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from the relation (Jagoda, et al., 1980)
Kvv =  (K',v)cH4 7 e % — ^  (3 -4 )
( S vv)CH4 *
in which SVv is the measured scattering signal from the flame, and in which 
the C H 4 su b sc r ip ts  denote  the d if fe ren tia l  sca tte r in g  c o e f f ic ie n t  and 
m easured  scattering  signal from methane molecules at room pressure  and 
te m p e ra tu re .  The ra tio  o f  the m e thane  tran sm iss io n  to the  f lam e 
t r a n s m is s io n  TchA> *s in troduced  to accoun t fo r  the  d i f fe re n c e  in 
a t ten u a t io n  o f  the inc iden t  and sca tte red  ligh t th rough  the  m e thane
molecules and the flame (Charalampopoulos and Chang, 1988). In the above 
c a l ib ra t io n  p ro ced u re ,  u ltra  h igh  pu r i ty  m e thane  w as u sed  fo r  all
m easurem en ts .  The d ifferen tia l sca tte r ing  co eff ic ien t fo r  m e thane  gas 
m olecules  was determ ined from the product o f  the d ifferential scattering  
cross section and the ideal gas m olecular num ber density for m ethane at 
am bient pressure and temperature. The differential scattering cross section 
o f  methane molecules at the wavelength 488 nm was determined from the 
d ifferen tia l scattering  cross section at the wavelength  694.3 nm through 
the relation (Rudder and Bach, 1968)
( O x , = ( O x ,  • (3  •5 }
w here  nx  is the refractive index of the gas at the respective wavelengths. 
The above relation makes use o f  the assumption that the term ( 3 - 4 p x i ) /  
(3 -4px2 )-  where p^ is the depolarization ratio o f  the gas defined as C^v/Gyv at
the respective wavelengths, may be neglected. This assumption is valid for
the wavelengths 488 and 694.3 nm in view o f  the small magnitude o f  the
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d ep o la r iza t io n  ra tios , = 1 .27x10’^ at 694.3 nm (Rudder and Bach, 1968).
U sing  the d if fe ren tia l  sca tte r ing  c ro ss  sec tions  at 694.3  nm reported  by 
R u d d er  and Bach (1968), and the refractive indices at 488  and 694.3 nm 
(L a n d o l t -B o rn s te in ,  1962), the  d i f f e re n t ia l  s c a t te r in g  c o e f f i c ie n t s  w ere
ca lcu la ted  fo r  m e thane  and n itrogen  at the w ave leng th  488  nm and are
presented in Table 3.4
Tab le  3.4. D ifferential scattering coeffic ien ts  fo r  am bient
m ethane and nitrogen gases at the wavelength 488 nm.
Gas Kyy = NCyy 
( c m ' 1s r ' 1)
M e t h a n e
N i t r o g e n
5 .1 0 6 x 1 0 ’ ®
2 .2 0 5 x 1 0 ’®
K n o w le d g e  o f  the  d if fe re n t ia l  s c a t te r in g  c o e f f ic ie n t  o f  n i t ro g e n  
a llow s a check  o f  the calibra tion  procedure  by com paring  the ratio  o f  the 
m ethane  scatter ing  signal to the scattering signal o f  n itrogen. From Table
3.4, and in v iew  o f  the near unity transm ission values o f  both n itrogen and 
m ethane, this ratio  should be equal to 2.3 at the wavelength  488 nm. The 
m ethane  to  n itrogen  signal ratio  was checked prio r  to each ligh t sca tte r ing  
m easurem ent,  and typically  ranged betw een 1.6 and 1.9.
F o llo w in g  the gu ide lines  d iscussed  above, the ex t inc tion  co e f f ic ien t  
and  th e  v e r t ic a l -v e r t ic a l  d if fe re n t ia l  sc a t te r in g  c o e f f ic ie n t  at 9 0 °  w ere 
m easu red  as a function  o f  he igh t above the bu rn e r  su rface  for F lam e 1 
unseeded and seeded at Rates 1 and 2, and for Flame 2 unseeded and seeded at
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R ate  2. The m easured ex tinction and differential scattering  coeffic ien ts  are 
p resen ted  in T ab les  3.5 and 3.6. The reported  data  po in ts  rep resen t the 
average values o f  from 5 to 9 experim ents. The standard  erro r  associated
w ith  each data  point was calcula ted  and representa tive  values for F lam e 1 
are  p resen ted  in T ab le  3.7. The com ple te  de ta ils  o f  the  e r ro r  ana ly s is
p ro c e d u re  are  p re sen te d  in A ppendix  D. T he  av e ra g e  s tan d a rd  e r ro r ,
exp ressed  as a percentage, fo r  all data  poin ts  was ± 2 .3  p e rc e n t  fo r  the 
e x t in c t io n  c o e f f ic ie n ts  and ± 3 .5  p e rce n t  fo r  the  d if fe re n t ia !  s c a t te r in g  
c o e f f i c i e n t s .
In  add ition  to classical ligh t sca tte r ing  and ex tinction  m easurem en ts ,  
the a u to co rre la t io n  func tion  o f  the dyn am ic  ligh t s c a t te r in g  s ignal w as 
m easured at various heights above the burner surface. The mean decay  rate 
r  and the variance a 2 (see Equations 2.66 and 2.67) o f  the d is tr ibu tion  o f  
l inew id th s  was de term ined  by perfo rm ing  a w eigh ted  second  o rd e r  least-  
squares  fit to the natural log o f  the m easured au tocorrelation  function after 
the sub trac tion  o f  the baseline  (Koppel, 1972). The m ean decay  rate and
variance  o f  the au tocorrelation  function at the w avelength  488 nm and for 
a sca tte r ing  angle o f  7 ° ,  are presented in Tables 3.8 and 3.9, fo r  F lam e 1,
unseeded and seeded with iron pentacarbonyl at Rates 1 and 2. D ue to  the 
lim ita tions o f  the sam pling  time o f  the correlator, on the o rder  o f  1 p s e c ,
d y n a m ic  l ig h t  sc a t te r in g  m e asu re m en ts  w ere  l im ited  to  h ig h e r  h e ig h ts
above the bu rn e r  surface  w here the characteris tic  d iffus ional tim e scale  o f
the partic le s  w as larger.
Table 3.5. Measured extinction coefficients at the wavelength 488 nm,
for both unseeded and iron pentacarbonyl seeded flames.













3 6 .49x l0 -3 7.46x10*3 8.25x10*3 1 . 0 6 x 1 0 - 2 1 . 2 2 x 1 0 - 2
4 9.66x10-3 1 . 0 7 x 1 0 - 2 1.17x10*2 1.63x10-2 1 . 8 0 x 1 0 - 2
6 1 .39xl0-2 1 . 5 8 x 1 0 - 2 1.66x 10"2 2.52x10-2 2 . 8 3 x 1 0 - 2
8 1 .75xl0-2 1.96x10-2 2 . 1 1 x 1 0 - 2 3.23x10*2 3.67x10-2
10 2 .02x l 0-2 2 . 2 9 x 1 0 * 2 2 . 4 7 x 1 0 * 2 3.86x10-2 4 . 5 2 x 1 0 - 2
1 2 2.25x10-2 2 . 5 6 x 1 0 - 2 2 . 7 4 x 1 0 - 2 4 . 3 5 x 1 0 - 2 5 . 1 3 x 1 0 - 2
14 2 . 3 3 x 1 0 - 2 2 . 8 0 x 1 0 - 2 2 . 8 7 x 1 0 - 2 4.68x10-2 5 .6 9 x l0 -2
16 2.53x10-2 2 . 9 5 x 1 0 - 2 3 . 0 7 x 1 0 - 2 4 . 9 6 x 1 0 - 2 5 . 9 8 x 1 0 * 2
18 2 . 6 9 x 1 0 - 2 3 . 0 5 x 1 0 - 2 3 . 1 4 x 1 0 - 2 5 . 2 0 x 1 0 - 2 6 . 1 6 x 1 0 - 2
Table 3.6. Measured differential scattering coefficients at the wavelength 488 nm and
scattering angle 90°, for both unseeded and iron pentacarbonyl seeded flames.
H e ig h t
(m m )











3 1.18xl0*7 1.55x10*7 2.39x10*7 2.42x10*7 3.98x10*7
4 6 .77x l0*7 7.32x10*7 1.05x10*6 1.79x10*6 3.00x10*6
6 4.31x10*® 4.89x10*6 6.25x10*6 1.54x10*5 2.11x10*5
8 1.19xl0*5 1.35x10*5 1.70x10*5 4.59x10*5 5.93x10*5
10 2 .20x 10*5 2.45x10*5 3.04x10*5 8.73x10*5 1.13xl0*4
12 3.31xl0*5 3.73x10*5 4.51x10*5 1.30xl0*4 1.69xl0*4
14 4.55x10*5 5.24x10*5 6.16x10*5 1.79xl0*4 2.32xl0*4
16 5.91x10*5 6.60x10*5 7.37x10*5 2 .34x l0*4 2.90xl0*4
18 7.28x10*5 8.10x10*5 8.87x10*5 2.82xl0*4 3 .43x l0*4
Table 3.7. Standard errors, expressed as a percentage, associated 
with the m easured extinction and vertical-vertical d ifferential 
scattering coefficients for Flame 1, unseeded.
H e i g h t
( m m )
K e x t
( c m - 1 )
K v v
( c m ' 1 s r ' 1 )
3 6 . 4 9 x 1 0 ' 3 ±  2 . 6 % 1 . 1 8 x 1 0 * 7 ±  2 . 5 %
4 9 . 6 6 x 1 0 ' 3 ±  2 . 9 % 6 . 7 7 x l 0 " 7  ±  3 . 2 %
6 1 . 3 9 x l 0 ' 2  ±  2 . 3 % 4 . 3 1 x 1 0 ' 6 ±  3 . 0 %
8 1 . 7 5 x 1 0 - 2 ±  1 . 9 % 1 . 1 9 x 1 0 ' 5 ±  3 . 7 %
1 0 2 . 0 2 x l 0 ' 2  ±  1 . 8 % 2 . 2 0 x 1 0 ' 5 +  3 . 8 %
1 2 2 . 2 5 x l 0 ‘ 2  ±  1 . 6 % 3 . 3 1 x l 0 - 5  ±  3 . 5 %
1 4 2 . 3 3 x l 0 " 2  ±  2 . 1 % 4 . 5 5 x l 0 - 5  ±  3 . 5 %
1 6 2 . 5 3 x l 0 ' 2  ±  2 . 8 % 5 . 9 1 x 1 0 * 5  ±  4 . 0 %
1 8 2 . 6 9 x 1 0 " 2  ±  2 . 5 % 7 . 2 8 x 1 0 - 5  ±  3 . 9 %
Table 3.8. Mean decay rate o f  the measured autocorrelation 
function for Flame 1, unseeded and seeded with iron penta- 
carbonyl at Rates 1 and 2.
H e i g h t
( m m )
r  (rad/sec)
U n se ed ed Fe Rate 1 Fe Rate 2
14 2.92x104 3 .1 6 x l0 4 3 .4 5 x l0 4
16 2 .5 3 x l0 4 2 .3 5 x l0 4 2 .4 1 x l0 4
18 2 .1 7 x l0 4 2 . 11x l 04 2 .0 8 x l0 4
Table 3.9. Variance o f  the autocorrelation function for 
Flame 1, unseeded and seeded with iron pentacarbonyl 
at Rates 1 and 2.
H e ig h t
( m m )
o 2 (rad2/ s e c 2 )
U n se ed ed Fe Rate 1 Fe Rate 2
14 1 .92x l08 1 .5 2 x l0 8 1 .7 2 x l0 8
16 7 .5 8 x l0 7 7 .2 0 x l0 7 7 .2 3 x l0 7
18 5 .3 6 x l0 7 5 .5 1 x l0 7 5 .2 3 x l0 7
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3.2.3 Flame Velocity Measurements
F or  the evaluation o f  the time dependency o f  soot partic le  param eters 
and the calculation o f  chemical kinetic properties such as soot growth rates, 
it is necessary  to know the characteristic flame residence times. Calculation 
o f  the  f lam e res idence  t im es requires  know ledge  o f  the  f lam e v e loc ity  
p rofile .  The flam e velocity  profile may be readily ca lcu la ted  from m ass 
conservation  based on the initial mass flux, the estimated gas  com position,
the cross-sec tional area, and the temperature throughout the flame. There
are  a lso  co m p u te r  codes  ava ilab le  w hich num erica l ly  so lve  the m ass, 
m om entum  and energy equations throughout the flam e (Kee, et al., 1985), 
bu t  w h ich  have  the d raw b ack s  o f  be ing  co m p lica ted ,  co m p u ta t io n a l ly
intensive, and limited in the treatment o f  the formation o f  particu la te  soot. 
A lte rna tive ly ,  ra th e r  than  through calcula tions, the f lam e ve loc ity  p ro file  
m ay be experim en ta lly  determ ined.
Dasch (1984) presented a method to measure flame velocities  based on 
la se r  vaporization  o f  soot particles. The technique utilizes  a h igh pow er, 
pulsed laser beam  focused on the central axis o f  the flam e to vaporize a 
volum e o f  soot particles, which will subsequently follow all accelerations in 
the flam e. Soot d iffus ion  and nucleation rates typically  are su ff ic ien tly
slow  in m ost flam es, such that the vaporized volum es pers is t  as optically  
labeled regions for tens o f  milliseconds. A schematic o f  the experim ental 
set-up for this technique is presented in Figure 3.10. A second continuous 
wave laser is also focused on the center o f  flame, but axially offset a known 
d istance above the focal point o f  the pulsed laser beam. By observ ing  the 
time delay for a decrease in scattering from the continuous wave (cw) laser 
as the void  travels through its scattering volume, the local velocity  o f  the 









Figure 3.10. Experimental set-up for flame velocity measurements.
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im p lem en ted  by L aw ton  (1988) to  m easu re  ax ia l  v e lo c i ty  p ro f i le s  in 
prem ixed  flat flames similar to those studied in the present investigation.
The axial velocity  p rofiles  o f  the flam es were m easured  em ploying 
the technique d iscussed  above. A pulsed Nd:YAG laser  (Spectra  Physics, 
model D CR 3) tuned to the wavelength 1064 nm was used to  vaporize the soot 
partic les  and create the void. The scattering signal from a cw wave argon 
ion la se r  focussed on the central axis o f  the flam e was used to  m onito r  
pertu rba tions  resu lting  from the transit  o f  the void. The pulsed  and cw 
laser beams were arranged to form a 45°  angle between the two beams, and 
ax ia lly  separated  a know n dis tance. The beam  separa tion  d is tance  was 
determ ined  by m arking the beam spot o f  the cw laser on a p iece o f  film
aligned at the burner center, and then burning the beam  spot o f  the pulsed
laser  onto  the same film. A vernier caliper was then used to measure the 
separation distance o f  the two beam spots on the film. The beam separation 
distance used for the flame velocity measurements was 5.4 mm.
T he light scattering  from the cw laser beam w as de tec ted  w ith  a 
pho tom ultip lie r  tube using the detector and op tics  as p rev iously  described. 
A boxcar signal averaging system (Stanford Research Systems, model SR250)
was used for data acquisition, and was triggered by the pulse laser. A delay
time o f  240 |isec existed between the actual firing o f  the beam pulse and the
tr igger ing  o f  the boxcar. The total transit tim e was m easured  from the 
tr ig g e r in g  o f  the  boxcar, until the void  was de tec ted  in the cw  la se r  
scatter ing  signal. The local flame velocity was then calcula ted  by d iv iding 
the  beam  separation distance, by the total transit time m inus the 240 ( isec
trigger advance time. The measured velocity is an average velocity over the 
beam  separa tion  d is tance and was assum ed  to  be a p o in t  m easu rem en t 
halfw ay between the two beams, in this experim ent 2.7 mm below  the cw
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laser beam. The spatial resolution o f  this velocity m easurem ent technique 
as implemented was 1 mm, as determined by the spot size o f  the pulsed laser 
beam and the measurement of the beam separation distance.
The velocity measurement results for the cw laser positioned 16 mm 
above the burner surface in unseeded Flame 1 are presented in Figures 3.11 
through 3.13. Figure 3.11 is a plot o f  the cw laser scattering signal as a 
function o f  time, in which the origin 0.0 msec corresponds to the triggering 
o f  the data acquisition system by the pulse laser. While fluctuations in the 
scattering signal are visible, the minimum point in the signal as the void 
passed through the scattering volume is readily identifiable. To determine 
the precise center o f  the minimum in the scattering signal, the signal was 
firs t  sm oothed  as presented  in F igure 3.12 and then d iffe ren tia ted  as 
presented in Figure 3.13. The precise void transit time between the two
beams was then taken as the time at the zero crossing o f  the derivative, 
minus the trigger advance time. It should be noted from the symmetry of 
the signals presented in Figures 3.11 through 3.13, that the void maintains 
its c ircu la r  shape throughout the entire transit time. A circu lar void is
expected due to the spherical cross-section o f  the pulse laser beam mode. 
This is consis ten t with experimental observations, in w hich a cy lindrica l 
void was observed along the entire beam path when the unfocused pulsed 
laser, with a diameter of 8 mm, was fired through the flame. The measured 
velocity  profile is presented in Figure 3.14 for unseeded Flam e 1. The
velocity  profile  reveals an initial rapid acceleration from the burner ex it
velocity o f  8.5 cm/sec to velocities greater than 60 cm/sec, followed by a 
gradual deceleration to velocities on the order of 40 cm/sec. The 8.5 cm/sec 



















Figure 3.11. Time scan o f the scattering signal for Flame 1,
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Figure 3.12. Smoothed time scan o f  the scattering signal for
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Figure 3.13. Derivative o f  the time scan o f the scattering signal
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Figure 3.14. Measured axial velocity profile for Flame 1, unseeded.
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in le t  co ld  gas velocity  o f  7.2 cm/sec and the heat transfer  from the  ceramic 
b u r n e  r .
3 .2 .4  Flam e Residence Times
T o  d e te rm in e  the  co r re sp o n d in g  f la m e  re s id e n c e  t im es  from  the 
velocity  profile , the following procedure w as used. A curve fit o f  the flame 
v e loc ity  V  as a function  o f  flam e position  h was obta ined  u s ing  a second 
o rd e r  Ieast-squares m ethod, w hich  yie lded V (h) =  A h2 + Bh + C. Using the 
v e loc ity  p rofile  and no ting  that the velocity  is defined  as V = dh /d t ,  the 
fo llow ing  d ifferen tia l  equation  is  obta ined
< £  =  A h2 + B h  +  C , ( 3 .6 )
dt
w ith  the initial condition  h ( t i )  =  h j .  A fter separating  and in tegrating , the 
fo llow ing  expression is obtained for the residence time t at position h above 
the  b u rn e r  su rface
t(h) =  ti +  — 1 —In ([ j*“j*1 1 (3 .7 )
A (R r R2) \(h-R2) {hi-ROf
T h e  p a ra m e te rs  R j  and R 2 are the roots o f  the quadratic  ve loc ity  profile
V (h), A is the coefficient o f  the quadratic term o f  the velocity profile V(h),
and h i  = h ( t i )  is the initia l condition . F o r  the p resen t  ca lcu la tions ,  the
initial value o f  h i  was taken to be 2 mm, and ti  was calculated to be 7.4 msec
by assum ing a linear rise from the burner surface velocity  o f  8.5 cm /sec to 
a velocity  o f  61.3 cm /sec at 2 mm, which was extrapolated  from the velocity 
profile  V(h). The calcula ted  flam e residence tim es as a function o f  he igh t 
above the burner surface are presented in Table 3.10 for Flam e 1. I t  is noted
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tha t the flam e residence times are identical in both the unseeded and iron 
pen taca rb o n y l seeded  flam es.
Table 3.10. Flame residence times as a function o f  
height above burner surface for Flame 1, unseeded.
H e i g h t
( m m )
R esidence time 













3.2.5 Soot Particle Sampling
The identification o f  dominant iron species throughout iron seeded 
flam es is an important step in the determination o f  the soot suppressing 
mechanisms o f  iron. As discussed previously, a water cooled soot sampling 
probe was designed and constructed to enable isokinetic sampling o f  soot 
p ar tic le s  th roughou t the flam e while also p rovid ing  for quench ing  o f  
chem ical reactions. The soot sampling was performed according to the 
fo llow ing  procedure. A cooling water flow rate o f  approxim ately  200 
ml/min was used. A nitrogen purge of 0.4 1/min was established through 
the probe to prevent blockage of the probe inlet during flame ignition and
initial flame stabilization. Once the flame was stable, the nitrogen purge
was d iscontinued  and a vacuum established s im ultaneously , w hich then 
drew the sampled gas stream into the probe and across the filter element 
onto which the soot was deposited. A flow meter was in line downstream of 
the sampling grid to monitor the volumetric sampling rate, which aided in 
sample repeatability. Soot samples were collected on 1 cm glass fiber filter 
elements for sample times from 2 to 5 minutes, which yielded on the order of 
0.5 mg o f  iron seeded soot. The samples were all immediately vacuum dried 
at 7 5 °C and stored under argon or nitrogen, to limit changes in the chemical 
nature o f  iron species prior to chemical analysis.
Three soot samples were collected from each sampling location in 
Flame 1, seeded with iron pentacarbonyl at Rate 2, for various heights above 
the burner surface. The four soot sampling positions were 4, 8 , 12 and 16 
mm above the burner surface, with corresponding flame residence times of
10.7, 17.4, 24.5 and 32.0 msec, respectively.
CHAPTER 4
DATA ANALYSIS AND RESULTS
In  th is  chap ter, the procedures w hich w ere used  to  analyze the
experim ental data are presented. A fter developm ent o f  the data reduction 
schem es, the chem ical ch arac teriza tion  and light sca tte rin g  resu lts  are
presented and subsequently sum m arized. A d iscussion o f  the experim ental
uncerta in ties  associated w ith the inferred soot partic le  param eters is also 
p r e s e n te d .
4.1 Chemical Characterization of Soot Particles
Several techniques are applicable fo r the chem ical ch arac teriza tion  
o f  iron species, including infrared spectroscopy and X -ray pho toelectron  
spectroscopy (XPS). Infrared spectroscopy is w ell suited for d ifferen tiating  
between the different oxides o f iron, namely FeO, Fe2 0 3  and Fe3C>4 , and has 
been successfully  em ployed by M isaw a, et al. (1971) and by K eiser and 
Brown (1983). However, infrared spectroscopy is not sensitive enough to 
identify iron species dispersed in soot with concentrations on the order o f  1 
to 2 percen t by w eight. P relim inary  m easurem ents w ere m ade w ith a 
Perk in-E lm er infrared spectrom eter (m odel 282), which revealed  tha t iron 
species could not be identified when prepared standards com posed o f  soot 
plus 6 percent by weight o f a given iron oxide were analyzed. In view  o f 
th e  in fra re d  sp ec tro sco p y  re su lts , X -ray  p h o to e le c tro n  sp ec tro sco p y
analysis was used to analyze the iron seeded soot samples.
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X PS an a ly sis , a lso  referred  to  as E SC A  (E lec tro n  S p ec tro sco p y  fo r 
C h em ica l A n a ly s is ) , is a h ig h ly  sen s itiv e  te ch n iq u e  w h ich  e n a b le s  the  
id e n tif ic a tio n  o f  chem ica l sp ec ies  on o r  n e a r  th e  su rface  o f  a sam p le  
m a te r ia l .  C h a ra c te r iz a tio n  o f  c h em ica l sp e c ie s  is  a c c o m p lish e d  by 
a n a ly z in g  th e  en e rg y  o f  p h o to e le c tro n s  em itte d  w hen  th e  su r fa c e  is 
illum inated  by an X -ray source. XPS analysis has a depth  sensitiv ity  on the 
o rd e r o f  5 nm  (R iv iere , 1990) and is w ell su ited  fo r the analy sis  o f  soo t 
p a r tic u la te s , w hich  possess  a ch a rac te ris tic  p rim ary  p a rtic le  rad iu s  in the 
range o f  5 to 10 nm  (W agner, 1979). The sensitiv ity  o f  X PS enab les the 
d e te c tio n  o f  ch em ica l sp ec ie s  p re se n t w ith in  the  sam p le  m a te r ia l w ith  
atom ic concen trations on the order o f  0.1 percen t (D avis, 1980).
A s described  p rev iously , approx im ate ly  0.5 m g o f  so o t seeded  w ith  
iron  pen tacarbony l at R ate  2 w as co llected  from  fo u r p o s itio n s  above the 
bu rn er su rface in Flam e 1. The sam ples w ere co llected  on 1 cm g lass  fiber
f il te rs , then  vacuum  dried  and sto red  under in e rt gas (n itro g en  o r argon) 
p rio r  to  analysis. The XPS analysis was perform ed at E xxon  R esearch  and 
D ev e lo p m en t L ab o ra to ries  in  B aton  R ouge, L ou isian a . T he m easu rem en ts  
w ere perform ed  w ith a m agnesium  X -ray source ( K a  rad ia tion ) opera tin g  at
10 k ilovo lts  (Leybold-H eraeus). The soot sam ples w ere secured to  the  sam ple 
h o ld e r w ith  a gold  p lated  tem plate and screw s. The tem plate  sh ie ld ed  the 
s ta in le ss  s tee l h ousing  from  X -ray  illu m in a tio n , w hich  p rev en ted  p o ssib le  
b a c k g ro u n d  s ig n a ls  from  iron  sp ec ie s  w ith in  th e  h o u s in g  and  sam p le  
ho lder. T he sam ple cham ber w as pum ped to an opera ting  vacuum  p ressu re  
o f  1.5x1 O' 9 to rr, and data w as recorded fo r sam pling  tim es from  24  to  36 
hou rs. T he s ign ifican t peaks o f  the XPS spectra  fo r all fo u r sam ples are 
su m m a rized  in  T ab le  4 .1 , and the  co m p le te  sp e c tra  are p re se n te d  in 
A ppendix  E.
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The peaks in the XPS spectra fo r all four o f  the sam ples w ere nearly 
id e n tica l, w ith  the average peak  values being  712.3  and 725 .4  eV , w ith 
standard deviations o f  0.21 and 0.28 eV, respectively. A llen, e t al. (1974) and 
M cIn ty re  and Z etaruk  (1977) both  reported  XPS resu lts  fo r reag en t grade
sam ples o f  FeO , Fe2 0 3  and Fe3 0 4 . The average values o f the reported peaks
for F e2 C>3 are 711.1 and 724.6 eV, w ith standard deviations o f  0.2 eV . The
absolute values and the spacing o f the peaks in the XPS spectra fo r all four 
sam ples are in excellen t agreem ent w ith the F e2C>3 spectra  reported  in the 
l i te ra tu re .  F u rth e rm o re , no s ig n if ic a n t p eak s  w ere  re c o rd e d  w h ich  
correspond to m etallic iron o r any other iron oxide species. A sligh t change 
in concavity  a t approxim ately 708 eV was observed in the XPS spectra o f the 
sam ples from  4 and 8 mm above the bu rner surface. The in flec tio n  is
attribu ted  to  iron carbide species (Fe^C y) and w as determ ined to account for 
less than  1 p ercen t o f  the total iron species present. T he X PS analysis
estab lished  the ex istence o f Fe2 C>3 as the only significant iron species in all
fou r sam ples, accounting  fo r nearly  100 percen t o f  the  iron p resen t w ith in  
the sam pled particles. The XPS results are sum m arized in Table 4.2.
In add ition  to the XPS analysis perform ed at Exxon L ab o ra to ries  as 
d iscussed  above, a second set o f  fou r iden tica l sam ples w ere sen t to the
su rface  an a ly sis  fac ility  a t the  U n iv e rs ity  o f  K en tucky  in L ex in g to n , 
K entucky. XPS analysis was also  perform ed to characterize the iron  species 
presen t in  the soot specim ens. The recorded XPS spectra w ere in exce llen t
agreem ent w ith the above results, and are presented in  A ppendix E.
The chem ical na tu re  o f  the iron  spec ies  in the flam es w as also  
p red ic ted  u sin g  the iron -oxygen  phase d iag ram  rep o rted  by D arken  and 
G urry  (1946). U sing  the know n in le t w eigh t p e rcen tag es  o f  iro n  and 
oxygen , in w hich the oxygen partia l p ressu re  o f  the oxygen -iro n  system
Table 4.1. Summary o f XPS spectra peak values recorded 
for soot samples from Flame 1, seeded with iron pentacar 
bonyl at Rate 2.
Flame 1, seeded at Rate 2
H e ig h t Peak 1 Peak 2





Table 4.2. Summary o f XPS results for soot samples from 
Flame 1 seeded with iron pentacarbonyl at Rate 2.
Flame 1, seeded at Rate 2
H e ig h t R e s id e n c e D o m in a n t






w as 0 .99  atm ., and the rad iation  corrected  flam e tem peratu re recorded  2 mm 
abo v e  th e  b u rn e r su rface , the phase  d iag ram  p red ic ts  th e  fo rm a tio n  o f  
h e m a tite , F e 2 0  3 , nuclei. In sum m ary, the chem ical analysis o f  the seeded 
so o t sam ples enab led  the iden tifica tion  o f  Fe2 C>3 as the only dom inant iron 
sp e c ie s  p re se n t w ith in  the  sam p led  so o t p a r tic le s , w ith  n o  s ig n if ic a n t 
am ounts o f  m etallic  iron o r o ther iron oxides detected . The iron oxide F e2 0 3  
w as p resen t a t heigh ts ranging from  4  to  16 mm above the bu rn er surface, 
w ith  co rrespond ing  flam e residence tim es from 10.7 to  32.0 m sec.
4.2 Light Scattering Data Analysis
4.2.1 Photon  C orrelation
T he m easured  m ean decay rate  T  and the v ariance  a 2 o f  the d is tr i­
b u tio n  o f  lin ew id th s  o f  the au toco rre la tion  function  w ere p resen ted  e a r lie r  
(see T ables 3.8 and 3 .9). These tw o param eters form the set o f  equations (see 
E quations 2.66 and 2.67)
r6 T(r) p(r) dr




f  r6 [r(r) - r ]2 p(r) dr
Jx=0a 2 = — ------------------------------ . (4 .2 )
r|  r6 p(r)dr
J i = 0
In the above equations p (r) is the norm alized  ze ro th -o rd e r loga rithm ic  
d istribu tion  (ZO LD ) function  as previously  described  (see E quation  2 .30), 
w hile T (r )  is defined by Equation (2.69) and is a function o f  the particle size,
flam e tem perature, and dynam ic viscosity o f  the flam e gases.
In  the present analysis, the gas m ean free path and v iscosity  were 
calcu la ted  using standard relations (H irschfelder, e t al., 1954) based on the 
co rrec ted  flam e tem peratu res and estim ated  gas com positions. E quations 
(4.1) and (4 .2) w ere com bined with the m easured quantities T  and CT2, and 
solved sim ultaneously to yield the soot particle m odal radius rm and <J0. the 
m easure o f  w idth and skew ness o f the ZOLD function. The so lution was 
perform ed using the subroutine NEQNF (IM SL, 1980), which solves a system 
o f non-linear equations. In all cases, the agreem ent between the inpu t and 
solution sets was g reater than 10‘3 percent using this m ethod o f solution. 
The ca lcu la ted  soot partic le  sizes and co rrespond ing  values o f  o 0 are 
presented  in Tables 4.3 and 4.4, respectively , fo r F lam e 1, unseeded and 
seeded w ith iron pentacarbonyl at Rates 1 and 2. It is noted that the soot 
p artic le  d iam eters (2 x rm ) are presented.
The photon correlation analysis was lim ited to  the h igher positions in 
the flam es, and consequently  the above resu lts are o f  a lim ited  use in
Table 4.3. Inferred soot particle diam eters 
from  photon correlation data for Flam e 1.
H e ig h t
(m m )
D iam eter (nm )
U n se ed ed Fe Rate 1 Fe Rate 2
14 53.6 50.6 49 .0
16 58.8 60.2 60.0
18 63.8 64.1 64.6
Table 4.4. Inferred soot particle distribution p ara­
m eter C0 from photon correlation data for Flam e 1
H e ig h t
(m m )
CT0
U n seed ed Fe Rate 1 Fe Rate 2
14 0.18 0.19 0.19
16 0.17 0.18 0.17
18 0.17 0.17 0.17
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ev a lu a tin g  the  overa ll e ffec ts  o f  iron  add ition . H ow ever, the in ferred
values o f  O0 are very  co n sis ten t fo r d ifferen t he igh ts , and betw een  the
unseeded and iron seeded flam es. The average inferred  value o f  o 0 over all 
heights and flam es considered is 0.18 w ith a standard deviation  o f 0.0087. 
The sm all changes in C0 as a function o f  he igh t are in ag reem ent with 
resu lts reported  by Charalam popoulos and Chang (1988). C onsequently , the 
value o f O0 = 0-18 was taken as the representative value o f  the w idth and 
skew ness o f  the ZO LD  d istribu tion  for all flam es and iron pentacarbonyl
seeding rates in the present study.
4 .2.2 Scattering and Extinction
The ligh t sca tte rin g  and ex tinction  ana ly sis  o f  the p resen t study
m akes use o f  the m easured ex tinction  and d ifferen tia l sca tte rin g  c o e ff i­
cients to infer the soot particle size and num ber density. The extinction and
v e r t ic a l-v e r t ic a l  d if fe re n tia l s c a tte r in g  c o e ff ic ie n ts  fo r  a sy stem  o f
scatterers are represented by (see Equations 2.33 through 2.36)
cro ss  sec tions, respectively , and p (r) is the ZO LD  function  as defined  
p reviously . W hen the com plex refractive index m  = n-ik and the width o f  
the d is tr ib u tio n  function  C0 are known, Equations (4.3) and (4.4) m ay be
(4 .3 )
a n d
K vv = N I  C’vv(r) p(r) dr. (4 .4 )
The param eters C ext and C vv are the ex tinction  and d iffe ren tia l scattering
solved sim ultaneously  to yield the soot partic le  size and num ber density . 
The two equations were solved using the subroutine NEQNF (IM SL, 1980), and 
th e  g en era l M ie so lu tio n  w as used fo r ca lcu la tin g  the ex tin c tio n  and 
differen tial scattering cross sections for all data analysis (see Equations 2.13
and 2 .20). The in tegrals were num erically  evaluated using S im pson's rule,
w ith the radius in tegration lim its set from  1 nm to six tim es the cu rren t 
m odal value . The so lu tion  se t agreed w ith the in p u t ex tin c tio n  and 
d ifferen tial scattering  coefficients to w ithin 5x 1 0 "^ percent for all cases. As 
discussed above, the value o f  a 0 = 0.18 was used for all data reduction. The 
com plex  re fra c tiv e  in d ices  fo r the  unseeded  and seeded  flam es w ere 
specifically  determ ined for the flam es exam ined in the p resent study. The
approach fo r determ ining the refractive indices is d iscussed below .
Once the soot particle size and num ber density  were determ ined, the 
soo t vo lum e frac tio n  and surface area w ere determ ined  d irec tly  from  
E quations (2 .42) and (2.43). U sing the above data analysis procedure, the 
m easu red  ex tin c tio n  and d iffe ren tia l sca tte rin g  c o e ff ic ie n ts  enab led  the 
determ ination  o f  the soot particle size, num ber density, volum e fraction and 
surface area corresponding  to each height above the burner surface in the
f la m e s .
4.2.3 Surface Growth Rates
The inferred  soot particle volum e fractions and surface areas allow  
the  calcu la tion  o f  the soot surface grow th rates. The soot specific surface 
grow th  rate  y  (cm 3 s o o t / c m 2 soot sec) may be expressed as (H arris and
W einer, 1983B)
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w here A s is the soot surface area per unit volum e (see Equation 2.43), and 
d fy /d t is the time derivative o f the soot volum e fraction profile. Evaluation 
o f  the tim e derivative o f the volum e fraction profile requires know ledge o f 
the partic le  residence tim es. Using the calculated flam e residence tim es 
(see Table 3.10), the inferred volume fractions may be plotted as a function 
o f tim e and subsequently differentiated . The procedure used for d ifferen t­
iating the volum e fraction data is presented in detail in Appendix F. At a
given height, the surface grow th rate was calculated by dividing the tim e
deriva tive  o f the volum e fraction profile  by the inferred  partic le  surface 
a r e a .
4 .2 .4  Effective Refractive Indices
The use o f  scattering and extinction m easurem ents to in fer the soot 
partic le  size and num ber density as outlined above requires know ledge o f
the com plex refractive index o f  the soot particles. The refractive index o f 
flam e soot has itse lf been the focus o f much research, with indices having 
been reported by Dalzell and Sarofim (1969), Pluchino, et al. (1980), Lee and 
Tien (1981), Charalam popoulos and Chang (1988), and Chang and Charalam- 
popoulos (1990). The refractive index o f soot may be dependent to various 
degrees upon the type o f  fuel, the hydrogen to carbon ratio, and the flame 
configuration. The refractive index is also a function o f  the wavelength o f 
e lectrom agnetic  rad ia tion . The reported values o f  the real part o f  the
com plex refractive index in the visible w avelength region vary from 1.4 to 
2 .0 , w hile the reported im aginary part ranges from 0.3 to 1.0. W hen 
selecting a refractive index for use in the analysis o f  scattering data, one 
should  co nsider carefu lly  the conditions, m ethods o f  determ ina tion , and 
lim itations o f soot refractive indices reported in the literature.
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As noted previously , in the present study the refractive  index o f  soot 
u sed  in the d a ta  ana ly sis  w as d e term ined  a t the  w av e len g th  488  nm 
sp e c if ic a lly  fo r the  flam es investig a ted , using  a tech n iq u e  d ev e lo p ed  by 
C hara lam popou los and C hang (1988). The techn ique en ta ils  th e  co m b in ­
a tio n  o f  the  m easured  ex tinction  and sca tte rin g  c o e ffic ien ts  and p a rtic le  
size p aram eters , w ith the relation
(4 -6 )
The p aram eter Rx was in troduced by C haralam popoulos and C hang (1988), 
and is  the ratio  o f  the real part o f the d ielectric  function  m inus one to  the 
im ag inary  part, as defined  by the D rude-L orenz d ispersion  m odel (see Lee
and T ien , 1981). W hen the ex tinction  and d iffe re n tia l sca tte rin g  c o e ff i­
c ien ts , th e  p aram eter Rx, and the size d istribu tion  function  param eters rm
and CT0 are know n, the three equations (4.3, 4 .4  and 4 .6 ) m ay be solved 
s im u ltaneously  to yield the soot partic le  num ber density  N , and the soo t 
p artic le  com plex refractive index m  = n-ik.
The value Rx = 0.823 was used for the present data  analysis, and was
c a lc u la te d  from  the re frac tiv e  index  o f  fu e l-r ich  p ro p an e  so o t a t the
w aveleng th  488 nm as determ ined from  com pressed  soo t pe lle ts  u sing  the 
re fle c tio n  tech n iq u e  (H ernandez, 1990). T he va lues o f  rm and <T0 w ere 
d e te rm in ed  from  photon  co rre la tion  m easurem ents as p rev iously  d iscussed . 
U sing  the above technique for the unseeded Flam e 1, the refractive index at 
the w avelength 488 nm was determ ined to be m  = 1.5 - 0.4i at the height o f 10 
mm  above the bu rner surface. This position  corresponds to  the cen te r o f  
the range o f  heights over which data w as recorded. The com plex refractive 
index m  = 1.5-0.4i was subsequently  used in the p re sen t study as the
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rep re sen ta tiv e  va lue  fo r  soo t p a rtic le s  d u rin g  an a ly sis  o f  the  unseeded  
flam e data fo r all positions. This value is in agreem ent w ith soot refractive 
indices reported by D alzell and Sarofim  (1969) o f  m  = 1.56 - 0 .5 li at 488 nm, 
and by Stagg (1992) o f rn = 1.48-0.35i at 488 nm. The value reported by Slagg 
w as  d e te rm in e d  u s in g  an in d e p e n d e n t e l l ip s o m e try  te c h n iq u e  on
com pressed  p e lle ts  o f  soot co llected  from  a prem ixed propane and oxygen
flam e sim ilar to the one used in the present study.
I t is n ecessa ry  to  co n s id e r th e  e ffec ts  o f  so o t p a r tic le  o p tica l
inhom ogeneity  resu lting  from the inclusion  o f  iron species w ith in  the soot 
p artic le s , befo re  apply ing  the refractive  index o f  the unseeded partic le s  in 
th e  an a ly sis  o f  th e  d a ta  from  the iron p en taca rb o n y l seed ed  flam es. 
R itriev i, e t al. (1987) hypothesized that iron added to prem ixed  flam es w ill 
n uc lea te  as FeO  in advance o f  soot incep tion , and subsequen tly  serve  as 
su rfaces  on w hich  soo t inception  m ay occur. D epth  p ro filin g  o f  soot 
p a r tic le s , c o llec ted  from  w ith in  iron  seeded  p rem ixed  e th y len e  flam es, 
using A uger spectroscopy and inert gas sputtering , verified  the inclusion  o f 
iron species w ithin the soot particles. H owever, due to  lim itations o f  A uger 
analysis the  specific  chem ical species o f  the iron w ith in  the p artic les  was 
n o t d e te rm in ed .
F u rth e r  ev id en ce  in suppo rt o f  iron  inc lu sio n  has  been  rep o rted
recen tly  by M itchell (1991) using A uger analysis  o f  soo t co llec ted  from  
b u rn ing  crude oil in the presence o f  ferrocene . Q ualita tive  ev id en ce  o f  
iron  nucleation  and inclusion processes was also noted in the p resen t study. 
A th in  b lue zone approxim ately  0.1 mm th ick  w as clearly  v isib le  betw een 
1 and 2 mm below  the lum inous soot inception zone, upon the add ition  o f  
iron  pen tacarbony l. The ex istence o f  the blue zone is ind ica tive  o f  the 
p resence  o f  p a rtic le  nucleation , specifically  iron  species n u c lea tion . T h is
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observation  coupled with the resu lts o f the XPS analysis, leads to the 
conclusion that the nucleating iron species was Fe2C>3 .
S ince the ev idence is conclusive regard ing  the inc lusion  o f  iron 
species w ithin the soot particles, a suitable model to  account for the optical 
inhom ogeneity o f  the soot particles was required. L ight scattering by two 
concentric spheres has been m odelled by Aden and K erker (1951). The 
concentric sphere model may be applicable in the immediate vicinity o f  soot 
in cep tion , w here inc ip ien t soot is deposited on the iron  ox ide nuclei. 
H ow ever, the rapid initial decay in soot particle num ber densities resulting 
from  partic le  coagulation  does not support the assum ption o f  iron cored, 
soot coated partic les  th roughout the flam e. Sim ultaneous rapid partic le  
coagulation and soot surface growth will lead to a random assem blage o f 
nucleated iron oxide clusters dispersed in a soot rich matrix. A schem atic 
rep resen ta tion  o f  th is behavior is presented in F igure 4.1. The optical 
ch arac te ris tic s  o f  such a system  are described  by the M axw ell-G arnett 
effective refractive index m odel (N iklasson, et al., 1981). The M axw ell- 
G arnett theory com bines the dielectric function 8  o f a material dispersed in 
a m atrix  w ith d ie lec tric  function £ m . to y ield  the e ffec tive  d ie lec tric  
function o f the m ixture £m -G > through the relation
In the above expression, the param eter x  represents the volum e fraction o f  
the dispersed material and may be defined as,
6 m -G =  Em
£  +  2 £ m +  2y(E-£m) 
£  +  2 £ m -
(4 .7 )
volume of dispersed material (4.8)





Figure 4.1. Soot and iron oxide assem blage for M axw ell-G arnett m odel.
The effec tive  d ie lectric  function £ m -G  is related to the real and im aginary 
parts o f  the effective refractive index by the relation
£ m-G = niM-G = ( n - i k ) 2 . (4 .9 )
The application o f  the M axw ell-G arnett theory to  the analysis o f  the
iron seeded flam e data requires knowledge o f  the refractive ind ices o f both
the soot and the iron species, as well as the percentage by volum e o f iron
species present w ithin the particles. The refractive index o f  the soot m atrix
is taken to  be the same as in the unseeded flam es, m  = 1.5 - 0.4i. As noted 
earlier, the iron species was determ ined to be Fe2 C>3 at all locations. The 
refractive  index o f F e2 0 3  at the wavelength 488 nm was m easured using an 
e llip so m e try  techn ique  developed  in th is  labo ra to ry  (S tag g , 1992) w ith  
com pressed  pe lle ts  o f  pow dered reagent grade Fe2 0  3 , and was found to be 
m  = 1.64 - 0.3i (see Table 3.2 and Appendix A).
T he vo lum e percen tage o f  iron ox ide con ta ined  w ith in  th e  soo t 
partic les a t each position  in the flam e was determ ined by firs t ca lcu la ting
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the volum e fraction o f  iron oxide (cm^ F e 2 0 3 /c m ^  gas) at each position  from 
th e  re la tio n
fFe2° 3 =  ^ v c -  ( 4 - 1 0 )
In the above expression , p  is the mass density o f Fe2 0  3 , and rti is the mass 
flow  rate o f  Fe2 C>3 based on the m ass addition rate o f  iron pentacarbonyl (see 
T ab le  3 .2 ) and the  assum ption  tha t all iron is p re sen t as F e2 0  3 . The 
assum ptions concern ing  the inclusion  o f  iron w ith in  the soot p a rtic le s  are 
fu rth e r d iscussed  in a fo llow ing  section . The param eter C is the cross- 
sectional area o f  the flam e at each axial location, and V is the flam e velocity . 
T he flam e d iam ete r and axial velocity  w ere experim en ta lly  d e term ined  at 
each loca tion  and w ere presented in C hapter 3 (see T able 3.3 and F igure 
3.14). The volum e percentage o f Fe2 0 3  was then calculated from  the volum e 
frac tion  o f  F e2 C>3 , as determ ined by E quation (4 .10), d iv ided  by the to tal 
volum e frac tion  as calculated  using Equation (2.42). The calcu la ted  volum e 
percen tages  o f  F e2 0 3  are presented in Figure 4.2 and Table 4.5, for Flam e 1 
seeded at Rates 1 and 2, and for Flame 2 seeded at Rate 2.
U tiliz ing  the volum e percentages o f  F e2 C>3 , and the refractive indices 
o f  F e2 0 3  and soot, the effective refractive indices for the seeded flam es were 
ca lcu la ted  at each  heigh t above the burner surface. The e ffec tiv e  re fra c ­
tive ind ices  are p resen ted  in Table 4 .6  for all seeded flam es investigated . 
The e ffe c tiv e  re frac tiv e  ind ices are la rg est in itia lly , w here the  vo lum e 
p e rce n tag e  o f  iron  ox ide  is a m axim um , and then  rap id ly  reach  nearly  
constan t values. In Flam e 1 seeded at Rate 2, the maxim um  increase in n is 
from  1.5 to 1.55, or +3.3 percent, and the m axim um  decrease in k is from  0.4 
to  0 .37 , o r -7 .5  percent. The average change in n fo r both flam es and 
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Figure 4.2. Calculated Fe2 0 3  volume percentages o f
particles for iron pentacarbonyl seeded flames.
Table 4.5. Calculated Fe2 0 3  volume percentages o f
particles for iron pentacarbonyl seeded flam es.
H e ig h t  
( m m )







3 19.1% 33.9% 2 2 .8%
4 13.6 24.2 15.9
6 9.6 17.9 10.6
8 8.5 15.5 9.1
10 8.1 14.6 8.2
12 7.9 14.5 8.0
14 7.7 14.6 7.7
16 7.7 14.5 7.8
18 7.9 15.0 8.6
Table 4.6. Effective particle refractive indices
for iron pentacarbonyl seeded flames.
H e ig h t
( m m )







3 1.53-0.38i 1.55-0.37i 1.53-0 .38i
4 1.52-0.39i 1.53-0.38i 1 .52-0 .38i
6 1.51-0.39i 1.53-0.3 8i 1.51 -0.39i
8 1.51-0.39i 1.52-0 .38i 1.51-0.39i
10 1.51-0.39i 1 .52-0 .39i 1.51 -0.39i
12 1.51-0.39i 1 .52-0.39i 1.51-0.39i
14 1.51 -0.39i 1.52-0.39i 1.51 -0 .39i
16 1.51-0.39i 1.52-0.39i 1.51-0.39i
18 1.51 -0 .39i 1.52-0.39i 1.51 -0 .39i
4,3 Light Scattering Results
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T he d a ta  an a ly sis  p ro ced u re  o u tlin ed  in the  p rev io u s  sec tio n  w as 
app lied  to  the  da ta  recorded  in the unseeded  and iron pen tacarbony l seeded
flam es. The com plex  refractive index m  = 1.5-0.4i w as used fo r analysis o f  
th e  u n seed ed  flam e data , and the M ax w ell-G arn e tt e ffe c tiv e  in d ice s  (see  
T ab le  4 .6 )  w ere  used  fo r analysis  o f  the iron pen tacarbony l seeded  flam e 
data. T he w idth and skew -ness o f  the ZO LD  distribu tion  function  w as defined
by the value Ga = 0 .18 fo r all flam es considered. T he in ferred  soot partic le
d ia m e te rs , nu m b er d en s i- tie s , vo lum e frac tio n s , su rface  areas and su rface  
g row th  rates are p resen ted  in F igures 4.3 th rough  4 .7 , and are sum m arized
in T ables 4 .7  through 4.11.
T o fa c ilita te  co m p ariso n s  be tw een  the  u n seed ed  and  seed ed  so o t 
p a ra m e te rs  fo r a g iven  flam e and iron  p en taca rb o n y l seed in g  ra te , the 
ra tio s  o f  the seeded  to unseeded  param eters are p resen ted  in T ab les  4 .12 
through 4.14 fo r Flam e 1, seeded at Rates 1 and 2, and fo r F lam e 2 seeded at 
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Figure 4.3. Inferred soot particle diameters for unseeded
and iron pentacarbonyl seeded flames.
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Figure 4.4. Inferred soot particle number densities for
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Figure 4.5. Inferred soot particle volume fractions for
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Figure 4.6. Inferred soot particle surface areas for
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Figure 4.7. Inferred soot particle surface specific growth
rates for unseeded and iron pentacarbonyl seeded flames.
Table 4.7. Inferred soot particle diameters for unseeded and iron pentacarbonyl seeded flames.
H e ig h t
( m m )











3 8.8 8.9 9.8 9.5 10.4
4 13.9 13.5 14.6 16.1 18.2
6 22.8 22.6 23.7 28.8 30.5
8 29.8 29.6 30.9 38.4 39.8
10 35.0 34.5 35.9 45.2 46.4
12 38.9 38.4 39.7 50.0 51.2
14 42.9 41.9 43.5 54.7 55.4
16 45.7 44.6 45.3 59.1 59.1
18 48.2 47.4 48.0 62.3 62.2
Table 4.8. Inferred soot particle number densities for unseeded and iron pentacarbonyl seeded flames.
H e ig h t
( m m )











3 184. 218. 191. 239. 226.
4 70.5 88.1 78.3 75.5 62.2
6 22.4 27.2 25.8 20.1 19.6
8 12.5 14.7 14.4 10.6 11.1
10 8.78 10.8 10.4 7.58 8.46
12 7.08 8.68 8.43 6.23 7.01
14 5.38 7.23 6.59 5.03 6.05
16 4.79 6.25 6.22 4.15 5.16
18 4.31 5.33 5.30 3.66 4.48
Table 4.9. Inferred soot particle volume fractions for unseeded and iron pentacarbonyl seeded flames.
H e ig h t
( m m )











3 .0846 .105 .121 .138 .171
4 .125 .145 .163 .211 .248
6 .178 .209 .229 .319 .369
8 .221 .256 .284 .400 .467
10 .252 .296 ,320 .468 .563
12 .278 .327 .351 .519 .628
14 .284 .354 .363 .548 .685
16 .306 .369 .386 .571 .709
18 .323 .378 .391 .591 .721
Tabic 4.10. Inferred soot particle surface area for unseeded and iron pentacarbony seeded flames.
H eig h t
( m m )











3 ,513 .626 .658 .776 .879
4 .484 .574 .598 .701 .733
6 .418 .496 .517 .595 .649
8 .398 .463 .492 .557 .629
10 .386 .460 .478 .554 .650
12 .383 .457 .474 .556 .657
14 .355 .453 .447 .538 .663
16 .358 .444 .457 .518 .644
18 .359 .428 .436 .509 .621
Table 4.11. Inferred soot particle growth rates for unseeded and iron pentacarbonyl seeded flames.
He i g h t
( m m )











3 46.9 37.6 39.1 55.8 51.0
4 42.4 37.7 38.5 55.1 56.5
6 33.9 33.3 34.7 47.2 50.3
8 26.5 27.7 26.6 38.8 45.2
10 20.2 21.8 19.8 29.7 34.8
12 11.4 16.8 12.4 19.2 25.1
14 9.5 12.1 9.4 12.6 16.9
16 14.9 6.5 8.9 10.2 5.9
18 13.2 4.6 3.1 9.0 1.1
Table 4.12. Ratio of inferred seeded to unseeded, (x)o, soot parameters for
Flame 1, unseeded and seeded with iron pentacarbonyl at Rate 1.
H e ig h t
(m m )
rm /  (rm)o N /  (N)0 fv /  (fy)o A$ /  (As)0 Y /  (Y)o
3 1.01 1.18 1.24 1.22 0.80
4 0.97 1.25 1.16 1.19 0.89
6 0.99 1.21 1.17 1.19 0.98
8 0.99 1.18 1.16 1.16 1.05
10 0.98 1.23 1.17 1.19 1.08
12 0.99 1.23 1.18 1.19 1.47
14 0.97 1.34 1.25 1.28 1.27
16 0.97 1.30 1.21 1.24 0.43
18 0.98 1.24 1.17 1.19 0.34
Table 4.13. Ratio o f inferred seeded to unseeded, (x)0 , soot parameters for
Flame 1, unseeded and seeded with iron pentacarbonyl at Rate 2.
H e ig h t
(m m )
rm /  (rm)o N /  (N)0 fv /  (fy)o Ag /  (As)0 Y /  (Y)o
3 1.11 1.04 1.43 1.28 0.83
4 1.05 1.11 1.30 1.24 0.91
6 1.04 1.15 1.29 1.24 1.02
8 1.04 1.15 1.29 1.24 1.00
10 1.02 1.18 1.27 1.24 0.98
12 1.02 1.19 1.26 1.24 1.09
14 1.01 1.22 1.28 1.26 0.99
16 0.99 1.30 1.26 1.28 0.59
18 1.00 1.23 1.21 1.20 0.23
Table 4.14. Ratio of inferred seeded to unseeded, (x)0 , soot parameters for
Flame 2, unseeded and seeded with iron pentacarbonyl at Rate 2.
H eig h t
(m m )
rm /  (rm)o N /  (N)0 fv /  (fy)o As /  (As)0 Y /  (Y)o
3 1.09 0.95 1.24 1.13 0.91
4 1.13 0.82 1.18 1.05 1.03
6 1.06 0.98 1.16 1.09 1.07
8 1.03 1.05 .1.17 1.13 1.16
10 1.03 1.12 1.20 1.17 1.17
12 1.02 1.13 1.21 1.18 1.31
14 1.01 1.20 1.25 1.23 1.34
16 1.00 1.24 1.24 1.24 0.58
18 1.00 1.22 1.22 1.22 0.13
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4.4 Discussion of Experimental Uncertainties
4.4.1 L igh t Scattering Analysis
I t  is u se fu l to  p rov ide  an a ssessm en t o f  the  ex p e r im e n ta l  e r ro r  
a s s o c ia te d  w ith  th e  in fe r re d  so o t  p a r t ic le  p a ra m e te rs  p re s e n te d  above .  
S e n s i t iv i ty  c a lc u la t io n s  w ere  p e rfo rm ed  to  d e te rm in e  the  in f lu e n c e  o f  
u n ce r ta in t ie s  in the  ex tinction  and d ifferen tia l  sca tte r in g  co e ff ic ien ts .  In 
a d d i t io n ,  a s ta n d a rd  e r ro r  a n a ly s is  w as p e r fo rm e d  to  e v a lu a te  the 
u n c e r ta in t ie s  in the soo t p ar tic le  s ize, n u m b er  d en s ity ,  vo lum e  f rac t ion ,  
su rface  area , and surface  grow th  rates resu lt ing  from  u n cer ta in t ie s  in the 
m e asu re d  ex t in c tio n  and d iffe ren tia l  sca tte r ing  coeff ic ien ts .
T he sens itiv ity  ca lcu la tions  were perfo rm ed  by f irs t  c a lcu la t in g  the 
ex tin c tio n  and d ifferen tia l scatter ing  coeffic ien ts  fo r  typ ica l soot p ar tic le s ,  
u s ing  a d iam ete r  o f  50.0  nm, num ber density  equal to 5 . 0 x l 0 1 0 , and a 
r e f ra c t iv e  index  m  = 1.5-0.4i. The ca lcu la ted  ex t inc tion  and d iffe ren tia l  
s c a t te r in g  c o e f f ic ie n ts  becam e the i n p u t  to the data  ana lysis  p rocedu re  
d iscu ssed  p rev ious ly .  An u ncer ta in ty  was then  in troduced  to e i th e r  the 
e x t in c t io n  or d if fe re n tia l  sca tte r ing  co e ff ic ien t ,  and the in fe r red  par t ic le  
size and  num ber density  were com pared to the orig inal values o f  50.0 nm 
and 5 .0 x 1 0 * 0 ,  respectively . In addition, the volum e fraction  as calcu la ted  
w ith  the inferred param eters  was com pared to the volum e fraction  based on 
the o r ig ina l param eters .  The p ercen t e rro rs  assoc ia ted  with the in ferred  
p a r t ic le  d iam ete r ,  n u m b e r  density  and vo lum e frac tion , as the  unce r ta in ty  
in the ex tin c tio n  and d ifferen tia l sca tte r ing  coeff ic ien ts  w ere var ied  from 
-10.0 to +10.0 percent, are presented in Figures 4.8 and 4.9. F o r  uncertainties 
in t ro d u ced  to  the ex t inc tion  co e ff ic ien t ,  the  in fe rred  n u m b e r  d e n s i ty  is 




























-10.0 -5.0 0.0 5.0 10.0




Figure 4.8. Uncertainties in the inferred soot particle
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Figure 4.9. Uncertainties in the inferred soot particle param ­
eters for uncertainties in the differential scattering coefficient.
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percent as compared with a maximum error o f  +3.8 percent. H owever, the 
e rro rs  associa ted  with the d iam eter and num ber density  are o f  opposite  
signs, such that the error in the inferred volume fraction falls between the 
two, with a maximum value o f  +10.5 percent. It is noted that the error in the 
inferred  volum e fractions presented in Figure 4.8 corresponds very  closely 
with the uncertainty in the extinction coefficients. This is because the size 
p a ram e te r  a  = 0.32 and the parameter | a m |  = 0.50 are near the range o f
validity o f  the Rayleigh limit. In the Rayleigh regime, as noted previously 
(see Equation 2.45), the volume fraction is a function of only the extinction 
coefficien t and the refractive index.
The errors associated with the inferred particle d iam eter and num ber 
density  as a result o f  uncertainties in the differential scattering  coefficient 
d isp lay  trends s im ila r  to the ex tinction  coeffic ien t resu lts . W hen the 
uncertainty in the scattering coefficient is varied from + 10.0 to - 10.0 per­
cent, the maximum error in the inferred diameter is -3.6 percent and the 
m axim um  erro r  in the inferred num ber density  is +12.2 percen t. The 
inferred  volum e fraction is influenced little by errors in the d ifferen tia l 
scattering coefficient, with a maximum error o f  -0.47 percent.
In addition to the sensitivity analysis, the standard errors associated 
with the inferred soot particle parameters were also evaluated. Using the 
s tandard  e rro rs  o f  the m easured  ex tinc tion  and d if fe ren tia l  sca tte r in g  
coefficients (see Table 3.7), the standard errors o f  the inferred soot modal 
radii and num ber densities were calculated at each height above the burner 
surface. The error analysis procedure is presented in detail in Appendix D. 
Representa tive  standard errors in the inferred soot param eters  for unseed­
ed Flame 1 are presented in Table 4.15, expressed as a percentage o f  the 
inferred parameters. The standard errors in the soot particle diameters and
Table 4.15. Standard errors in inferred soot parameters for Flame 1, unseeded.
H e ig h t




f r a c t i o n
Surface
a r e a
G row th
r a t e
3 ±  1.2 % ±  5.8 % ±  6.8 % ±  6.3 % ±  9.8 %
4 1.4 6.7 8.0 7.3 10.5
6 1.3 5.7 6.9 6.2 9.7
8 1.4 5.6 7.0 6.3 9.8
10 1.4 5.7 7.1 6.3 9.8
12 1.3 5.3 6.5 5.9 9.6
14 1.3 6.3 7.4 6.8 10.1
16 1.6 8.1 7.3 8.7 11.4
18 L5_ 1A. 8.8 3 J _ 11.4
Avg. +  1.4 % ±  6.3 % ±  7.5 % ±  6.9 % ±  10.2 %
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number densities were then used to evaluate the standard errors in the soot 
volume fractions, surface areas and surface growth rates. A standard error 
o f  7.5 percent was assumed for the volume fraction derivative in Equation 
(4.5). S tandard errors in the inferred soot partic le  volum e fractions, 
surface areas and surface growth rates are also presented in Table 4.15.
The above analysis yielded an average standard error o f  ±1 .4  percent 
in the inferred  d iam eters, and ±6.3 percen t in the in ferred  num ber
densities. The standard errors are consistent throughout the range o f  data,
with the m axim um  d iam ete r  uncerta in ty  being ± 1.6 percen t and the 
m inim um  uncerta in ty  being  ±1 .2  percent. The co rrespond ing  average
standard errors calculated for the inferred volume fractions, surface areas 
and surface growth rates are ±7.5, ±6.9 and ±10.2 percent, respectively.
In addition to uncertainties associated with the measured extinction 
and differential scattering coefficients, uncertainty may also be associated 
with the size parameter CT0 . The value used in the present study was o 0 =
0.18, and was determined from photon correlation experiments specifically 
for the flames investigated, as discussed previously. To assess the effects of 
uncer ta in ty  in G 0 , the ex tinction  and d ifferen tia l sca tte r ing  data  for
unseeded Flame 1 were also analyzed using G0 values equal to 0.14 and 0.22,
which correspond to changes o f  ±22.2 percent with respect to G 0 = 0.18. The
average change in the inferred soot particle size and number density was
+7.3 and -10.9 percent for O 0 = 0.14, and -8.4 and +15.9 percent for CT0 = 0.22, 
respectively. However, for both values o f  O 0 , the average change in the 
inferred soot particle volume fractions was less than 0.04 percent. The 
result that the inferred volume fractions are essentially independent o f  -the 
pa ram ete r  G 0 may be explained by the characteristics o f  Rayleigh scat­
tering as previously described. If the particles are o f  a size and refractive
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index such tha t the Rayleigh theory  is valid, then Equation  (2 .45) predic ts
th a t  the v o lu m e  frac tion  is independen t o f  the par t ic le  s ize  d is tr ib u tio n
function . Based on the m aximum inferred soot partic le  s ize  in  the present
s tudy , the  param ete rs  a  = 0.31 and |rh 0t| =  0 .48 are w ithin  the reg ion  o f
app licab ility  o f  the Rayleigh theory. In addition to the abso lu te  changes in
the  in ferred  soo t partic le  param eters  resulting  from the changes  in CT0 as
d iscussed  above, the changes in the r a t io  o f  the seeded to  unseeded  soot
partic le  param eters  were also evaluated. The ratio o f  the seeded  to  unseeded 
so o t  p a r t ic le  p a ram e te rs  is o f  p r im ary  im portance  w hen ev a lu a t in g  the 
effects  o f  iron addition. F o r  the ± 22 .2  percen t changes  in troduced  to the 
value o f  CT0 = 0.18, the ratios o f  the inferred seeded to unseeded soot particle 
pa ram ete rs  changed  by less than 0.1 percent. The above ca lcu la t ions  and 
co m m en ts  ensu re  th a t  the data  ana lysis  p ro ced u res  used  in the  p resen t 
in v e s t ig a t io n  are  n o t  ad v e rse ly  a ffec ted  by u n c e r ta in t ie s  in the  s ize  
d is tr ibu tion  p a ram ete r  CT0 .
4 .4 .2  Refrac tive  Indices
W h i le  th e  p r e c e d in g  a n a ly s i s  c h a r a c te r i z e s  th e  u n c e r t a in t i e s  
a s s o c ia te d  w ith  the  in fe r re d  s o o t  p a r t ic le  p a ra m e te r s  r e s u l t in g  from
e x p e r i m e n t a l  e r r o r s  in  th e  e x t in c t io n  a n d  d i f f e r e n t i a l  s c a t t e r i n g  
coeff ic ien ts  and CT0 , it is also important to consider the role o f  the refractive
ind ices  in data  analysis. In the analysis o f  light scatter ing  and ex tinction  
da ta ,  the  in ferred  partic le  size and num ber density  are d irec tly  d ependen t 
on the v a lue  o f  the refractive index used. As d iscussed  p rev ious ly , the
re f rac t iv e  index  m  = 1.5-0.4i u ti lized  was de term ined  spec if ica l ly  fo r  the 
p re sen t  inves t iga t ion ,  and is in ex ce llen t agreem ent w ith  ind ices  reported  
by S tagg  (1992) fo r  s im ila r  f lam e soot as m easured  w ith  an independen t
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techn ique . Furtherm ore , a m ethod was used to accoun t fo r  optical 
in hom ogene ity  w ith in  the soot partic le s  re su lt ing  from iron  add ition . 
H ow ever, to quantify  the effects o f  using d iffe ren t values o f  the soot 
re f ra c t iv e  index  for da ta  an a ly s is ,  the fo l lo w in g  c a lc u la t io n s  w ere  
p e r f o r m e d .
Absolute values o f  the soot particle diameters and num ber densities 
with as much accuracy as possible are desired. However, for assessing the 
e ffects  o f  iron addition, the relative behavior betw een the unseeded  and 
seeded soot param eters is the primary concern. The relative behavior can 
bes t be expressed in terms o f  the ratio o f  the seeded to unsccded soot 
param eters ,  spec if ica l ly  the d iam eter, num ber dens ity ,  vo lum e frac tion , 
surface area and surface growth rate ratios. To quantify  any possible  
e ffec ts  re su lt ing  from refractive  indices, the seeded  to unseeded  soot 
param eter ratios were calculated for the Flame 1 data, unseeded and seeded 
with iron at Rate 2, using five different refractive indices. The data was 
analyzed using the value m  = 1.5-0.4i o f  the present study, and the literature 
values rn = 1.56-0.5li  (Dalzell and Sarofim, 1969), m  = 1.9-0.35i (Chippet and 
Gray, 1978), m = 1.7-0.8i (Pluchino, et al., 1980), and m  = 1.68-0.61i (Chang and 
C haralam popoulos,  1990).
For all five refractive indices considered, the absolute values o f  the 
inferred parameters varied by as much as 76 percent. However, for all five 
soot param eters and over all flame heights, the seeded to unseeded param ­
e te r  ratios all agreed to within 6 percent. R epresentative values o f  the 
seeded to unseeded ratios are presented in Table 4.16, for a height o f  10 mm 
above the burner surface in Flame 1, unseeded  and seeded with iron 
pentacarbonyl at Rate 2.
Table 4.16. Ratio of inferred seeded to unseeded, (x)0 , soot parameters for
Flame 1, unseeded and seeded with iron pentacarbonyl at Rate 2, 
for different refractive indices (height = 10 mm).
R e f r a c t iv e
in d e x
rm /  (rm)o N /  (N)0 fv /  (fv)o As / (As)0 Y /  (Y)o
1.5 - 0.4i 1.04 1.07 1.22 1.09
1.56 - 0.5 li 1.04 1.07 1.22 1.09
1.9 - 0.35i 1.04 1.08 1.22 1.10
1.7 - 0.8i 1.04 1.07 1.21 1.11
1.68 - 0.6 li 1.04 1.07 1.22 1.10
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S o m e  fu r th e r  co m m en ts  reg a rd in g  the  a s su m p tio n s  u se d  in  the 
application o f  the M axw ell-G am ett model are in order. It is noted tha t the 
soo t vo lum e fractions used  to ca lcu la te  the iron ox ide  vo lum e p ercen tages  
w ere  b a se d  on the  u n seed ed  re frac t iv e  index . T h is  a p p ro x im a tio n  is 
reasonab le  given the less  than 10 percent d iffe rence  in iron  ox ide  vo lum e
percen tages ,  as  calcula ted  using the final soot vo lum e fractions based on the
effective  refractive indices. A 10 percent change in the iron oxide volum e
percen tages  y ie lded  no  s ign if ican t change  ( < 1.0 percen t)  in the ca lcu la ted  
e f fec t iv e  re f rac t iv e  ind ices .  S im ilarly ,  the assu m p tio n  th a t  all iron  is 
present w ithin the soot partic les  as Fe2 0  3 is reasonable. The results o f  the 
p resen t study concern ing  the inclusion o f  added iron w ith in  soo t partic le s  
(see Section  4 .1 ),  com bined  w ith  the insensitiv ity  o f  the e ffec tive  ind ices  
w ith  respec t to changes in the partic le  iron oxide  vo lum e p ercen tages  on 
the o rder  o f  10 percent, support the use o f  the p resen t analysis  p rocedure . 
F inally ,  the overall use o f  the M ax w ell-G am ett e ffec tive  re frac tive  ind ices  
d id  not s ign ifican tly  a ffect the inferred soot partic le  param eters .  In F lam e
1 seeded  w ith  iron p e n ta c a rb o n y l  a t R a te  2, w h ich  had  th e  la rg e s t  
p e rce n tag es  o f  iron  o x ide  (see T ab le  4 .5 ) ,  the  av e ra g e  ch an g e  in the 
in ferred  d iam ete rs  and volum e fractions  was 2 .6  and 6.1 percen t ,  re sp ec t­
ive ly , w hen  the data  w as analyzed  with both  the c o n s ta n t  and e ffec tive  
re frac tive  indices. Since the approxim ation tha t all o f  the  iron is p resen t 
w ith in  the  p ar tic le s  y ie ld s  the g rea tes t  p e r tu rb a tio n s  in the in fe rred  soo t 
par t ic le  param ete rs  when app ly ing  the M axw ell-G arne tt  m ode l,  the p re sen t  
analysis assumes the m axim um  possible influence o f  the iron oxide. In view 
o f  the dem onstra ted  insensit iv ity  o f  the model to dev ia tions  in the vo lum e 
percen tages  and the overall small influence o f  the effec tive  ind ices  on the
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in ferred  soo t partic le  param eters , the assum ptions  m ade in the p resen t 
analysis  are reasonable.
The above calcula tions and comments perta in ing  to the effects  o f  
refractive  ind ices on the analysis o f  light scattering and ex tinction  data, 
and s u b se q u en t  com parisons  be tw een  the  seeded  and u n seed ed  soot 
p a r a m e te r s  e n s u re  th a t  the  c o n c lu s io n s  re a c h e d  in th e  p r e s e n t  
investigation are not consequences o f  the refractive indices utilized.
CHAPTER 5
DISCUSSION OF RESULTS
5.1 Soot Particle Parameters
A notable trend in the experimental results presented in Chapter 4 is 
that the total soot yields, as measured by the soot volume fraction, are found 
to i n c rea se  with the addition o f  iron pentacarbonyl. This trend is consistent 
with the results o f  previous investigations in laboratory flames (Ritrievi, et 
al., 1987; Bonczyk, 1986), but differs from the soot suppressing charact­
eristics o f  iron observed in practical combustion devices (Shayeson, 1967; 
Howard and Kausch, 1980). Laboratory scale premixed flames like the one
used in the present study provide a planar, one-dimensional flame which
allows precise evaluation o f  soot formation and growth processes, but differ 
from  the d iffu s ion  burning charac teris t ics  associa ted  w ith  com m ercia l 
combustors. In addition to the soot formation and growth processes which 
are also present in diffusion flames, a final oxygen rich soot oxidation or 
'burnout' region is present which subsequently destroys much o f  the soot 
mass formed. As will be discussed in detail in the following chapter, the
re su l ts  o f  the  p resen t study enable  the de te rm in a tio n  o f  the  soot 
suppressing mechanisms o f  iron in practical combustion devices.
The fundamental soot parameters which were inferred are the soot 
particle diam eter and soot particle number density. These two parameters 
effectively characterize the evolution o f  soot and allow calculation o f , t h e  
soot particle volume fraction, surface area and surface growth rates. The 
soot particle diameters were the least affected by the addition o f  iron o f  the
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param ete rs  evaluated. Specifically , in F lam e 1 the average change  in 
diameters over all heights is -1.7 percent at Rate 1 and +3.1 percent at Rate 2, 
and is +4.1 percent at Rate 2 in Flame 2. The greatest change with the 
addition  o f  iron in the inferred diameters occurred in the low est heights 
above the burner surface, where the gradients in the d iam eter and num ber 
density  p rofiles  are greatest. For heights above 8 mm in the flame, the
average change in the particle diameters is -0.1 percent for all flames and
iro n  seed in g  rates. The soot partic le  n um ber  d en s it ie s  w ere m ore 
s ignificantly  affected by the addition o f  iron pentacarbonyl. The num ber 
densities were enhanced by an average o f  +24.0, +17.4 and +7.1 percent in
Flame 1 seeded at Rates 1 and 2, and in Flame 2 at Rate 2, respectively. With
the exception o f  the lowest three positions in Flame 2, the number densities 
were increased at all locations in the flames with iron addition.
The inferred soot particle volume fractions and surface areas were 
found to increase at all heights above the burner surface fo r  both flames 
with the addition o f  iron pentacarbonyl. The volume fraction was enhanced 
an average o f  +19.0 and +28.8 percent at Rates 1 and 2 in Flam e 1, 
respectively, and +20.8 percent at Rate 2 in Flame 2. Similarly, the surface 
area was increased +20.6 and +24.8 percent at Rates 1 and 2 in Flame 1, and 
+ 16.0 percent at Rate 2 in Flame 2. The increases in both the volume 
fraction  and surface area were consistent for all heights above the burner
surface, and were found to increase with increasing iron addition rate and
decreasing  fuel equivalence ratio.
Some general com ments concerning the trends of the inferred soot
partic le  param eters  discussed above may be made. The soo t d iam ete r
p ro files  (see  Figure 4.3) reveal that the d iam eters  increase at a nearly  
constan t rate throughout the flames. In contrast, the soot num ber densities
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(see F igure  4.4) display a rapid initial decay, followed by a steady  decrease 
thereafter. The decrease in particle num ber density w ith  tim e is a resu lt o f  
p a r t ic le  coagu la tion  and agg lom eration , and is g rea tes t  in i t ia lly  because  o f  
the  h igh  f lam e  tem p era tu res  and p ar tic le  co n ce n tra t io n  n e a r  the  reac tion  
zone. The volum e fraction profiles  (see F igure 4 .5 ) are charac terized  by a 
la rge  initial rise, fo llow ed by a gradual decrease  in s lope  as the vo lum e 
f ra c t io n  p ro f i le s  ap p ro ach  th e i r  f inal va lues .  T h e  in i t ia l  in c re a se  in 
vo lum e fraction  accounts for m ost o f  the soot produced , w ith  approx im ate ly  
90 percen t o f  the final soot yield formed by the height o f  12 m m  above the 
burner surface for both F lam es 1 and 2. The soot surface area profiles (see 
F igure  4.6) fo r  both unseeded and seeded flam es disp lay  a s ign if ican t initial 
decrease , fo llow ed  by nearly  constan t values thereafter.  The in itia l decay  
in su rface  a rea  is a t tr ibu ted  to the very  la rge  in i t ia l  decay  in pa r t ic le  
n u m b e r  density  resu lting  from partic le  coagulation, w hich is a su rface  area 
d e c re a s in g  p ro c e ss .
The f ina l soo t p a r t ic le  pa ram ete r  to be co n s id e re d  was the  so o t  
sp ec if ic  su rface  g row th  rates. The specif ic  su rface  g row th  ra te s  are  a 
m easu re  o f  the rate o f  increase  in soot vo lum e f rac t ion  no rm alized  w ith  
respec t to the  available surface area, and are the re fore  rep resen ta tive  o f  a 
true rate o f  soot growth. P rior to summarizing the soo t surface  grow th rate 
resu lts ,  a few  com m ents  concern ing  the ir  experim en ta l un ce r ta in t ie s  are in 
o rder .  As d iscussed  p rev iously , the s tandard  e rro rs  a sso c ia ted  w ith  the 
in fe rred  so o t  param eters  were evaluated  and the la rgest u n ce r ta in t ie s  w ere 
in  th e  su rface  g row th  ra tes ,  w hich  w ere on the  o rd e r  o f  10 p e rce n t .  
H ow ever ,  the  eva lua tion  o f  the t im e d e r iva tive s  o f  the  v o lu m e  frac tion  
profile  at the  h ighest f lam e positions involves d iffe ren tia t ing  a function  as 
i ts  s lope  a p p ro ac h es  zero . In th is  reg ion ,  sm all  f lu c tu a t io n s  in the
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e x p e r im e n ta l  da ta  can  s ig n if ican t ly  in f lu en ce  th e  c a lc u la te d  su r fa c e  
growth rates. Furthermore, in the initial flame data points, the gradients in 
the volum e fraction and surface area profiles are greatest, which may also
lead to larger uncertainties in the calculated growth rates. The results o f  
these considera tions  are apparent in the surface growth rate results  (see
Table 4.11 and Figure 4.7), which display rather erratic  trends near  the
e n d p o i n t s .
In view o f  the above comments and the fact that approximately 90 
percent o f  the total soot yield was formed between 3 and 12 mm above the 
burner surface, the effects o f  iron addition on surface growth rates will be 
evaluated in this region. Between the heights o f  3 and 12 mm, the average 
change  in the  soot surface grow th rates  w ith  the ad d i t io n  o f  iron
pen tacarbonyl is 0 .0  and -2.3 percent in Flam e 1 at R ates  1 and 2,
respectively, and +10.8 percent in Flame 2 at Rate 2. Despite the limitations 
o f  the surface growth rate measurements near the endpoints, it is noted that 
a s ign if ican t and consistent decrease in growth rates is p resen t a t the 
he igh t 3 mm for both flam es and iron addition rates. S im ila r  initial
reductions  in soot surface grow th rates w ith iron add ition  have been 
reported  by R itriev i,  et al. (1987). The short-lived  decrease  m ay be 
attributed to  a reduction in surface reactivity of the particles resulting from 
the large percentage of iron oxide present initially (see Table 4.5).
In light o f  the results presented above, the overall increase in soot 
loading with the addition o f  iron pentacarbonyl may be explained by the
s im ultaneous increase  in soot surface area at all locations. The initial
increase in soot surface area may be attributed to the additional surface area 
available for the deposition o f  soot, provided by the iron oxide nuclei. Since 
m ore soot surface area is available from the beginning for surface growth
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in the iron seeded flames, more soot will be produced even though the 
growth rates are approximately equal to those in the unseeded flames. This 
conclusion is in  agreem ent with results reported by Harris and W einer 
(1983B), in which soot yields for a variety o f  flame conditions correlated 
excellently with soot surface area and growth rate profiles.
The results o f  the effects o f  iron pentacarbonyl addition on the 
inferred soot particle parameters are summarized in Table S .l  The overall
results are reported, along with the trends relating to the effects o f  the iron 
pentacarbonyl addition rate and fuel equivalence ratio.
Table 5.1. Summary of the effects o f  iron pentacarbonyl 
addition on inferred soot particle parameters for all flames.
Soot
p a r a m e t e r
A v e r a g e
c h a n g e
Summary of effects
D ia m e te r + 1.9% Increasing
centration
effects with increased additive 
and increased fuel equivalence
con-
ratio
N u m b e r
d e n s i t y
+16.1% Increasing
centration
effects with decreased additive 
and decreased fuel equivalence
con-
ratio
V o lu m e
f r a c t i o n
+22.9% Increasing
centration
effects with increased additive 
and decreased fuel equivalence
con-
ratio
S u r f a c e  
a r e  a
+20.5% Increasing
centration
effects with increased additive 
and decreased fuel equivalence
con-
ratio
G ro w th
r a t e
+2 .8% Increasing
centration
effects with decreased additive 





As d iscu ssed  in the p rev ious  ch ap te rs ,  X -ray  p h o to e le c t ro n  
spectroscopy (XPS) was used to identify the iron species present within soot 
particles sampled from Flame 1 seeded with iron pentacarbonyl at Rate 2. 
Rigorous particle sampling and analysis procedures were followed to ensure 
that the identified iron species were representative o f  the species present 
within the particles in the actual flames. The XPS analysis established the 
ex istence o f  the iron oxide Fe2 C>3 as the only significant iron species 
present, accounting for nearly 100 percent o f  the iron present within the
sampled soot particles. In summary, the chemical analysis o f  the seeded soot
sam ples enabled the identification o f  Fe2 C>3 as the only dom inant iron 
species  p resen t w ithin the sam pled soot partic les ,  with no s ign if ican t
amounts o f  metallic iron or other iron oxide species detected. The iron oxide
F e 2 C>3 was present at heights ranging from 4 to 16 mm above the burner 
surface, with corresponding flame residence times from 10.7 to 32.0 msec,
which spans nearly the entire range over which data was collected from 
the flames investigated in the present study.
CHAPTER 6
SOOT SUPPRESSING MECHANISMS OF IRON
In th is  chap ter ,  the resu lts  o f  the  p resen t  s tudy  p e r ta in in g  to the
effects  o f  iron addition on soot particle d iam eters, n u m b er  densities , volum e 
frac t ions ,  su rface  areas and surface  g row th  ra tes  are com bined  w ith  the 
results  o f  the  seeded soot X-ray photoelectron spectroscopy analysis  to  infer 
p o s s ib le  m e c h a n is m s  th ro u g h  w h ich  i ro n  a d d i t iv e s  m ay  a f f e c t  s o o t  
em issions. In addition, a soot oxidation model is developed, and calcula tions 
are  p re sen te d  to  dem onstra te  and a ssess  the  p ro p o sed  so o t  su p p re s s in g
m e c h a n i s m s .
6.1 Soot Suppressing Mechanisms
P r io r  to  p roposing  any soo t supp ressing  m echan ism s o f  iron , it  is 
useful to  d iscuss the limitations o f  previously  proposed m echanism s. Cotton 
and co-w orkers  (1971) have  suggested  tha t metal add itives  con ta in ing  iron
and m anganese  could reduce soot em issions through d i r e c t  oxidation o f  soot
by metal oxides via the reaction
A xOy + CSo]id ~>CO 4* A xOy-l, (6 .1)
w here A is the metal iron or manganese. In v iew  o f  this reac tion , Ritrievi, 
e t al. (1987) proposed  tha t iron nucleated  as the ox ide  FeO in ferrocene 
seeded , p rem ixed  e thy lene  flam es, and attr ibu ted  observed  in itia l decreases  
in soot surface grow th rates to the specific reaction
FeO + Csoii(] —>CO + Fe. (6.2)
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H ow ever, the XPS analysis findings that the chem ical species o f  iron
rem a in ed  as F e2 C>3 th roughou t the flam e, coup led  w ith  the  in s ig n if ican t  
e f fe c t  o f  iron add ition  on soot su rface  g row th  ra tes, su g g es t  tha t d irec t  
ox idation  o f  soot by iron oxides via Reactions (6.1) and (6.2) is un im portan t 
in  the  p resen t flam es. In reference to the form ation o f  FeO , R itriev i,  et al. 
(1987) only hypothesized  that iron will nucleate  as FeO , bu t d id  no t verify 
experim entally  the ex istence o f  FeO at any positions  w ith in  the iron seeded 
flam es. As noted in Chapter 4, the present findings support com plete ly  the 
existence o f  the specific iron oxide Fe2 0 3  throughout the iron seeded flames. 
Furtherm ore , the existence o f  iron as the oxide F e2 0 3  in seeded soot particles 
has been reported by Bonczyk (1986).
In addition to the lack o f  evidence supporting FeO  form ation  and/or a
trans it ion  from one iron oxide to another in iron seeded  f lam es, a second
p ro b le m  ex is ts  w hen ex p la in in g  the reac tion  m e ch an ism s  o f  iron  w ith  
R eactions  (6 .1) and (6.2). In practical com bustors, the addition o f  iron has
been  reported  to y ie ld  reductions in soot em iss ions  o f  up  to 90  p ercen t 
(Shayeson , 1967). H ow ever, with additive concen tra tions  typ ically  less  than 
1 percen t  by w eight, there  is in suffic ien t m e ta ll ic  ox ide  p re sen t  to y ie ld  
s ign if ican t e ffects  th rough  Reaction (6.1), w hich has been  noted  p rev iously  
by Ritrievi, et al. (1987). In the present study, the am ount o f  F e2 0 3  added to 
F lam e 1 at Rate 2 is approxim ately  one o rder  o f  m agnitude  less than  the 
am oun t required  to  y ie ld  a 90 percent reduction  in soo t em iss ions  through 
R eaction  (6.1), assum ing the reaction is 100 percent com plete  and that all o f  
the added iron is available to the reaction.
A lte rn a t iv e ly ,  it has been  su g g es ted  th a t  m e ta l  a d d i t iv e s  m ay  
accelerate the rate o f  soot oxidation (Cotton, Friswell and Jenkins, 1971). The 
resu lts  o f  the p resen t investigation  suggest th a t  iron add itives  m ay affect
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soot em issions in the soot burnout zone as follow s. The iron oxide Fe2 C>3 is
know n to catalyze (Michel, et al., 1983; McKee, 1981) the oxidation o f  carbon
by oxygen  to  carbon m onoxide and carbon dioxide through the reac tions
Csolid + 2 ® 2 ( 6 .3 )
Csolid +  O 2 —> C O 2. (6 .4 )
T hese  tw o  reactions are significant in the oxygen rich soo t bu rnou t zone o f  
p rac tica l com bustors .  S ince the F e2 C>3 is present w i t h i n  the soot partic les, 
w here  the ox ida tion  o f  carbon partic les  is s ign if ican t (D onnet,  1982), the 
seeded  so o t  partic le s  should  be oxid ized  m uch fas te r  th rough  ca ta ly s is  o f  
Reactions (6.3) and (6.4) by F e2 C>3. This mechanism m ay explain the overall 
s o o t  re d u c t io n s  w hich  are  a s so c ia ted  w ith  iron  a d d i t io n  in p ra c t ic a l  
c o m b u s to rs ,  and accoun ts  for the increased  soot y ie ld s  in the p rem ixed
f la m e s  o f  the  p re se n t  s tudy  w hich  c o n ta in  no  s o o t  o x id a t io n  zone .  
F u r th e rm o re ,  it shou ld  be noted that the inc rease  in soo t load ing  in the
p re sen t inves t iga t ion  is associa ted  with a s im ila r  inc rease  in soo t su rface  
a rea ,  su ch  th a t  th e  so o t  su rface  a rea  to  v o lu m e  ra t io  is e s s e n t ia l ly  
unchanged. This is significant because the am ount o f  overall soo t ox idation  
is dependen t on the available surface area. The final soot su rface  area to 
vo lum e frac tion  ratios were increased by an average o f  0.9 pe rcen t  fo r  all 
iron seeded  flam es considered in the present study. There fore ,  fo r  a given 
area  to  vo lum e ratio , the soo t generated in iron seeded f lam es  should  be 
ox id ized  m uch  fas te r  in the burnout zone through catalysis  by F e 2 C>3 . This 
m echan ism  read ily  accounts  fo r  the overall soo t reductions  assoc ia ted  with 
iron  add ition  in p ractica l com bustion  devices. W hile  there  are no  q u a n ­
titative results  for the rates o f  Fe2 0  3 catalysis  o f  carbon  ox ida tion  reported
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in the literature, catalysis by manganese, also a main transition metal with 
fuel additive characteristics similar to iron, o f  carbon oxidation has been 
reported to be on the order of 20 percent (Fenimore and Jones, 1967).
6.2 Soot Oxidation Model
As has  been d iscussed  p reviously , all ex perim en ta l  w ork  was 
performed with a premixed flat flame burner. The flat flame was ideally 
suited for evaluating soot formation and growth processes, but lacks the soot 
burnout region present in practical combustion devices. Since the results 
o f  the present study support the conclusion that iron functions as a soot 
suppressan t through F e2 C>3 catalysis o f  carbon oxidation by oxygen in the 
burnout zone, calcula tions were performed to further assess the app l i­
cability o f  the proposed mechanism. A soot oxidation model was developed to 
s im ulate  the oxidation or burnout o f  soot partic les, w hich allow s the 
prediction o f  final soot yields based on the present experimental data and 
dem onstrates the proposed soot reduction mechanisms.
The change in the soot volume fraction as a function o f  time may be 
related to the rate of soot oxidation through the relation
dfv cbAs
dt" = ■~p^’ (SS>
where p is the mass density of soot, As the soot surface area per unit volume, 
and co the soot mass oxidation rate (g soot/cm2 soot sec). The derivative of 
the volume fraction may be expressed in terms o f  the particle size and
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number density using the chain rule as follows,
dfv _  3fv d N  . 9fv drm 
dt dN  dt drm dt ’ (6 .6 )
where the derivatives 3fv/dN  and dSv/drm may be calculated from Equation 
(2.42). The derivative dN/dt may be evaluated from a linear function, and in 
the present case was calculated from a first order fit o f  the inferred number 
density profile, N(t) = N 0 - c j t ,  for residence times greater than 20 msec.
M aking the above substitutions. Equations (6.5) and (6.6 ) may be combined 
to yield the differential equation
drm _  ci rm cb exp[- 3 .5a j]  
dt ” 3{N0-cit) p (6 .7 )
in which c j  is the magnitude of the slope o f  the linear fit to the number 
density profile, and with the initial condition rm (t=0) = r0 . The first term in 
Equation (6.7) represents the increase in radius resulting from the mass- 
conserving decay in number density, and the second term represents the 
decrease in radius resulting from mass loss due to soot oxidation. The 
solution o f  the above differential equation is
rm ( 0
3 N oG)
4 c i p
exi;p(-3.5(7o)
( 6 . 8)
In this study, the soot mass oxidation rate fi) (g/cm2 sec) was evaluated from 
the Nagel and Strickland-Constable (1962) correlations, and is a function of 
the tem perature and oxygen partial pressure.
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U sing the final soot particle diameter and number density values at
18 mm above the bu rner  surface as initia l cond itions , the  soo t radius,
num ber density  and volum e fraction were calculated  as a function o f  time,
thereby sim ulating the effect o f  soot burnout. For the iron seeded flam es, 
F e 2 0  3 cata lysis  o f  carbon oxidation was approxim ated  by enhanc ing  the 
oxidation rate a  by a fixed percentage. The calculated soot volum e fraction 
profiles for the unseeded and Rate 2 seeded flames as a function o f  time are 
presented  in Figure 6.1, with the soot oxidation rate in  the seeded flames 
catalyzed by 20 and 40 percent, and for a tem perature o f  1650 K, oxygen 
partial p ressure  0.5 atm., and soot density o f  1.0 g /cm ^. In addition, the 
co rrespond ing  soot reduction percentages, as determ ined  by the d iffe rence  
between the unseeded and seeded flames, are also plotted. It is noted that the 
soo t reduction  percentages  are initially negative, which corresponds  to the 
in itia l increase  in the inferred soot volum e fractions in the iron seeded
flames. The simulated effects o f  Fe2 0 3  catalysis on soot oxidation are readily 
apparent, w ith  soo t reductions o f  75 percent achieved in 5 .0 ms for 20 
percen t catalysis ,  and in 3.9 ms for 40 percent catalysis. In addition, the 
res idence  tim es required for a 75 percent reduction  in soo t y ie ld s  are 
presented  in Table 6.1 as functions o f  temperature, oxygen partial pressure, 



















10 100Unseated, No Catalysis
Rate 2,20%  Catalysis
_  _ X  Rate 2,40%  Catalysis
/  -
-25
0.0 1.0 2.0 3.0 4.0 5.0
R esid en ce Tim e (m sec)
Figure 6.1. Soot oxidation profiles and corresponding soot 
reduction percentages for Flame 1, unseeded and seeded 




Table 6.1. Flame residence times for 75 percent reduction in 
soot emissions as a function of temperature, oxygen partial 
pressure, and Fe2C>3 catalysis rate for Flame 1, seeded at Rate 2.
T e m p e r a t u r e
(K)
O xygen
p a r t i a l
p r e s s u r e
( a tm )
Fe203
c a ta ly s i s
r a t e
( % )
R e s id e n c e
t im e
( m s e c )
1500 0.25 2 0 . 14.9
1500 0.25 40. 11.1
1500 0.50 2 0 . 14.5
1500 0.50 40. 10.8
1650 0.25 2 0 . 5.2
1650 0.25 40. 3.9
1650 0.50 2 0 . 5.0
1650 0.50 40. 3.8
1800 0.25 20 2.2
1800 0.25 40. 1.7
1800 0.50 2 0 . 2.1
1800 0.50 40. 1.6
CHAPTER 7
C O N C L U S IO N S  A N D  RECOM M ENDATIONS
7.1 Summary and Conclusions
The use o f  metal based fuel additives offers a econom ically  sound 
alternative for the control o f  undesirable soot emissions. Specifically , the 
a lka li ,  a lka line  earth  and main trans it ion  m etals  may all a f fec t  soo t 
em issions  to various degrees. These three groups o f  m etals  have been 
tho rough ly  review ed in the present s tudy, with em phasis  g iven  to fuel 
additive flame studies, flame chemistry, and soot suppressing  m echanism s. 
O f the metals evaluated, iron compounds are among the most commonly used 
metal based fuel additives and are among the metals which pose the least 
threat to the environm ent. However, iron is one o f  the least understood 
metals as to how it functions as a soot suppressant. For these reasons, the 
m echanism s through which iron additives affect soot em issions in hy d ro ­
carbon flames were selected as the topic of the present study.
I n - s i t u  l igh t sca tte r ing  techn iques  w ere  u ti l iz ed  in the  p resen t  
investigation to evaluate the soot particle parameters. Accordingly, the rel­
evan t light scattering  theory and equations were developed and presented 
in detail. Included were the general scattering theories fo r  single hom o­
geneous  and m ulticom ponent particles, and the extension  to both m ono- 
d isperse  and polydisperse  scattering  systems. Furtherm ore , the Rayleigh  
scattering limit and photon correlation theory were presented, and specific  
scatter ing  calcu la tions were performed which correspond to  the types o f
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particles which may be formed in flame systems such as those studied in the 
p re sen t w ork.
A com patible fla t flame burner and fuel additive vaporization system  
w ere designed  and constructed  specifica lly  for th is in v estig a tio n . The
bu rn er and flam es w ere com pletely  charac terized , inc lud ing  tem pera tu re ,
velocity  and residence tim e m easurem ents. The fuel additive system  was 
fu lly  te sted  and ca lib ra ted , and enab led  a p rec ise  am ount o f  iron
pentacarbonyl vapor to be added to the flam e. Two fuel-rich  propane and
oxygen flam es, and tw o iron pentacarbonyl add itive concen tra tions w ere 
investigated in the present study, allow ing the assessm ent o f  the effects o f 
both additive concentration and fuel equivalence ratio. In addition, a soot
partic le  sam pling  probe was designed and constructed  w hich enabled  the 
sam p ling  o f  soo t from  throughout iron seeded flam es fo r subsequen t
chem ical analysis and identification o f dom inant iron species.
T he soo t suppressing  m echanism s o f  iron in hydrocarbon  flam es 
have been assessed using in - s i tu  lig h t scattering  techn iques and X -ray
p h o to e lec tro n  sp ectro scopy  (X PS) chem ical an a ly sis  o f  sam pled  soo t
p a r tic le s . T he com p le te  c h a ra c te riza tio n  o f  th e  f lam es , in c lu d in g  
te m p era tu re , v e lo c ity  and res id en ce  tim e m easu rem en ts , enab led  the 
evaluation o f  the influence o f iron addition on soot particle inception and
grow th processes. The soot partic le  diam eters, num ber densities , volum e 
frac tions, surface area and surface grow th rates w ere all determ ined  for 
both unseeded and iron pentacarbonyl seeded flam es. E ffective refractive 
in d ic e s  w ere  in tro d u ced  to acco u n t fo r th e  so o t p a r tic le  o p tic a l 
in h o m o g en e itie s  re su ltin g  from  the inc lu sion  o f  iron  sp ec ie s . The 
evo lu tion  o f  iron species throughout the seeded flam es w as determ ined  
u sing  rigo rous sam pling  procedures and h ighly  sensitive  XPS chem ical
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analysis. A soot suppressing m echanism  was proposed for iron based on the 
p re sen t experim en ta l resu lts , and is in ex ce llen t ag reem en t w ith  trends 
re p o rte d  fo r iron  ad d itio n  in  b o th  la b o ra to ry  flam es and  p ra c tic a l 
com bustors. Furtherm ore, a soot oxidation m odel was developed to dem on­
strate  and assess the proposed soot suppressing m echanism s o f  iron.
The findings o f  the present study are sum m arized as follow s:
1) Iron will nucleate as iron oxide particles in advance o f  soot
inception , and w ill p rovide surfaces fo r soot inception  and
d ep o s itio n . S ub seq u en tly , the iron  ox ide  p a r tic le s  are
included w ithin  the  soot particles.
2 )  XPS analysis revealed that the iron oxide Fe2C>3 is the dom in­
ant iron species p resen t w ithin the sam pled soo t p artic les  
c o rre sp o n d in g  to the range o f  p a r tic le  re s id en c e  tim es 
considered in this study.
3 )  Iron  ad d itio n  resu lted  in no s ig n if ic a n t e ffe c t on soo t 
surface grow th rates, with the exception o f  a decrease in 
grow th rates in the firs t few  m illiseconds fo llow ing  soot 
in c e p t io n .
4 )  The existence o f  the iron species Fe2 C>3 throughout the flam e 
coupled w ith the insignificant changes in soot grow th rates, 
su g g est th a t d irec t soo t o x ida tion  by iron  o x id es  and 
subsequent conversion o f  iron oxide to m etallic iron is not a 
sign ifican t process in the p resent com bustion system .
5 )  Increased  soo t vo lum e frac tio n s  w ith  iron  ad d itio n  in 
prem ixed flam es m ay be attributed to increased in itia l soot 
surface area resulting  from the available iron oxide nuclei.
6 ) O verall reductions o f  soot em issions in practical com bustors 
may be realized through Fe2 0 3  catalysis o f carbon oxidation 
by oxygen to CO and CO2 in the soot bum out zone.
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7.2 Recommendations for Future Work
The experim en tal m easurem ents and analysis in the p resen t study 
enab led  the assessm en t o f  the soot suppressing  m echan ism s o f  iron in 
h y d ro ca rb o n  flam es . T he soo t p a r tic le  re fra c tiv e  in d ice s  and size  
d is tr ib u tio n  p a ra m e te rs  w ere  d e te rm in ed  sp e c if ic a lly  fo r  th e  flam es 
investigated  in the present study. N onetheless, future studies o f  the ro le o f  
m etal add itives in flam es may u tilize  a heigh t dependent refractive  index. 
S im ilarly , the often made assum ption o f spherical partic les was used in the 
p re se n t study , w hile  fu tu re  in v estig a tio n s  m ay exam ine  the e ffec ts  o f  
p artic le  agglom eration  and non-sphericity  in data  analysis. B oth variab le  
(i.e . he ig h t dependen t) re frac tiv e  ind ices and p a rtic le  agg lom era tion  are 
active areas o f research in particle flam e system s, and may be extended to 
the analysis o f  m etal seeded flames. In addition to the work in the present 
study, recom m endations for future studies are as follows:
1) Add a second stage oxygen in jection  zone to the p resen t
com bustion  fac ility  to sim ulate soo t bu rnou t. T his w ill
enable d irec t experim ental evaluation o f  the proposed  soot 
suppressing  m echanism  o f  iron.
2) Quantify the effects o f Fe2 0 3  catalysis o f  carbon oxidation by
oxygen in controlled  experim ents. T his w ill enable e v a l­
ua tio n  o f  th e  actual F e 2 O 3 ca ta ly s is  ra te s  s in ce  no
quantitative data is reported in the literature.
3) P erfo rm  m easurem en ts  w ith in  the  iron  o x id e  n u c lea tio n
zone to estab lish  nucleation  processes and identify  species. 
T h is  w ill en ab le  p rec ise  ev a lu a tio n  o f  th e  iron  o x id e  
nucleation  species, and identify  any in itia l o r in term ed iate
nu c lea tio n  species.
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APPENDIX A
ELLIPSOMETRY MEASUREMENTS
T he re fra c tiv e  index  o f  F e 2 C>3 at the  w av e len g th  4 88  nm  w as 
d e te rm in e d  w ith  an e llip so m e try  te ch n iq u e  u s in g  c o m p re sse d  p e lle ts  o f  
po w d ered , reag e n t g rade F e 2 0 3 . T he com plete d e ta ils  o f  the experim ental 
fac ilitie s  and p rocedures are presented  by Stagg (1992). M easurem ents w ere 
perfo rm ed  w ith  a P o la rize r Sam ple A nalyzer (PSA ) e llip so m eter, a t am bien t 
cond itions. The po la rizer o ffse t w as equal to  -3 .7 ° , and the ana lyzer w as set 
a t + 3 7 .4 ° . The po larizer settings and in tensities are presented in T ab le A .I .
Table A .I . Polarizer settings and in tensities for F e2 0 3  e llip ­
som etry  m easurem ents, at the w avelength  488 nm .
P o la r i z e r
s e t t i n g
I n t e n s i t y
(m V )
P o la r i z e r
s e t t i n g
I n t e n s i t y
(m V )
0 .° 258.68 200 .° 4 2 .7 2
2 0 . 4 5 .6 0 2 2 0 . 4 4 .3 6
40 . 4 1 .2 4 240. 261 .57
60. 251.01 260. 600 .26
80. 589.85 280. 886 .74
100. 881.85 300. 998 .0 9
120 . 988.91 320. 870.51
140. 880.05 340. 586 .28





T he s tab ility  lim its o f  the ceram ic fla t flam e b u rner w ere determ ined  to 
p re v e n t fla sh b ack , w hich occurs w hen the  flam e fro n t p ro p ag a tes  in to  the 
b u rn e r. The quench ing  d iam ete r d t is the m axim um  b u rn e r d ia m ete r for 
w hich  flashback  w ill no t occur, and m ay be approx im ated  (S pa ld in g , 1957) 
by the  re la tio n
d t «  a ( B . l )
Sl
w h ere  a  is  the therm al d iffu siv ity  o f  the unburned  gases, and S l  is the 
la m in ar flam e speed . T he ceram ic honeycom b b u rn er o f  the  p resen t study 
m ay be considered  as a co llection  o f  sm alle r bu rners, ch a rac te rized  by the 
d im ensions o f  a sing le  ce ll, dt = 0.052 cm . Based on the com position  and 
m ean tem p era tu re  (1000 K ), the therm al d iffu siv ity  o f  the in le t gases w as 
calcu la ted  to be 1.746 cm 2/sec . U sing E quation  (B .l) ,  the m axim um  lam inar 
flam e speed  fo r the  p rev en tio n  o f  fla sh b ack  in the  ce ram ic  f la t  flam e 
b u rn er is 33 .6  cm /sec.
B o tha and S pald ing  (1954) in v estig a ted  th e  lam in ar flam e speeds fo r 
p ropane  and a ir  flam es. From  the data  o f  B o tha and S pa ld in g , the fuel 
equ iv a len ce  lim its w ere determ ined  such th a t the  ad iabatic  flam e speeds fo r 
the  ce ram ic  b u rn er rem ained  less than 33 .6  cm /sec . T he lim its  o f  <J> to 
p rev en t flashback  are <|) < 0.76 in fuel lean flam es, and (j> > 1.43 in fuel rich 
flam es. I t should  be noted tha t the adiabatic flam e speed is the flam e speed 
ob ta ined  under the ideal condition o f  no heat loss.
2 0 2
2 0 3
For stoichiom etric com bustion based on the m ass flow rates o f  propane 
and nitrogen for Flam e 1 (see Table 3.1), assuming a reactant tem perature of 
298 K and a product tem perature o f 1500 K, the heat generation was calcu­
lated to be 2025.5 W atts. From the data o f Botha and Spalding (1954) for a 
heat loss o f 119 W, the maximum laminar flame speed o f the propane and air 
flam es was 32.5 cm/sec, which is less than the maximum flame speed o f 33.6 
cm /sec calcu la ted  for the prevention o f  flashback for the ceram ic burner. 
Therefore, assum ing a m odest heat loss o f  119 W, less than 6 percent o f the 
2025.5 W heating potential o f  Flame 1, the ceramic flat flame burner should 
be stable for all fuel equivalence ratios. The ceramic burner was tested for 
the flow rates in Table 3.1 corresponding to stoichiom etric, <J> = 1.0, and for
both fuel rich and fuel lean flames. The burner was found to be stable for 
all flam es tested, and no flashback occurred.
APPENDIX C
PROPERTIES OF IRON PENTACARBONYL
The properties o f  iron pentacarbonyl are presented here a fte r the data 
o f  A lfa Products (1980).
A. Physical Data
M olecular form ula: Fe(CO )5
Boiling point: 103°C 
Freezing/M elting  point: -25°C
V apor pressure: see Figure C .l 
Solubility  in w ater: insoluble
Evaporation rate (butyl acetate = 1): greater than 1
Vapor density (air = 1): 6.75 
A ppearance: yellow  to dark red liquid
Odor: nearly odorless
B. Safety Data
F lam m ability : flam m able
T oxicity : Toxic. Iron pentacarbonyl may cause skin and eye irr i­
ta tion . Inhala tion  and/or ingestion  m ay cause shock , loss o f  
co n sc io u sn ess , and h eadaches o cca sio n a lly  acco m p an ied  by 
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Figure C .l .  The vapor pressure o f  iron pentacarbonyl. G ilbert 
and Sulzm ann (1974), and Trautz and B adstubner (1929).
APPENDIX D
DATA UNCERTAINTY ANALYSIS
The data uncertainty analysis procedure used in the present study is
presented follow ing the treatm ent o f  Barford (1985). For an independent 
variab le x, in w hich x was m easured over n independent experim ents, the 
best representation o f  x is
x = x ±  Sn(x), (D .l)
w here x and S n(x) are the mean and standard error o f x, respectively. These 
param eters are subsequently defined as
- = ( X 1 + X2 H - . - - |- Xn) ( D 2 )
a n d
1/2
<5 M - I [(X l-x )2 +  (X2-X) 2 +  • • • +  (x n-x )2] 
n ( )  I n (n -1)
(D .3)
For a dependent variable z, such that z = f ( y i , y2. y3» • • ■ y m ) *s a 
function o f  m independent variables y, the standard erro r associated w ith z 
is given by the relation
S„(Z) = [ (fy,S„(yi)f + (fy2Sn(y2))2 + • ■ • + (fy.SnCyJ)2] W. (D .4 )
w h e r e
% . - | p  d>J)
and Sn (y  i) is the standard erro r o f  the ith independent variab le  y j, as 
defined by Equation (D.3).
2 0 6
2 0 7
The app lica tion  o f  the above theory  to  the analysis o f  data  in the 
p resen t study is dem onstrated in the follow ing exam ples. The ex tinction  and 
d if fe re n tia l s c a tte r in g  m easu rem en ts  fo r a g iv en  flam e c o n d itio n  w ere 
preform ed from  betw een 5 and 9 tim es. The m ean and standard erro r o f  the 
e x tin c tio n  and  d iffe re n tia l sca tte rin g  c o e ff ic ie n ts  w ere c a lc u la te d  u s in g  
E quations (D .2) and (D .3). The standard errors associated  w ith the inferred  
p a rtic le  num ber densities  w ere then calcu la ted  from  the  re la tion
T he p a rtia l d e riv a tiv e s  w ere ev alua ted  a n a ly tic a lly  u s in g  th e  ex p ress io n  
g iven by E quations (2.37) and (2.38). The standard  erro rs associated  w ith
the  in ferred  p artic le  d iam eters w ere evaluated  sim ilarly .
T he standard erro rs in the inferred  partic le  volum e frac tion , su rface 
area , and su rface  grow th  rates w ere ca lcu la ted  u sin g  the stan d ard  erro rs
associated  w ith  the partic le  d iam eters and num ber densities. The standard  
erro rs  in the  in ferred  partic le  volum e fractions w ere ca lcu la ted  from  the





w h ere  th e  p a r tia l d e r iv a tiv e s  w ere e v a lu a te d  u s in g  E q u a tio n  (2 .4 2 ). 
S im ilarly , the standard  erro rs associated  w ith the in ferred  surface areas and 
surface grow th ra tes w ere evaluated.
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Figure E .l. XPS spectrum for iron pentacarbonyl seeded soot sample for Flame 1, Rate 2.
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Figure E.2. XPS spectrum for iron pentacarbonyi seeded soot sample for Flame 1, Rate 2.
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Figure E.3. XPS spectrum for iron pentacarbonyl seeded soot sample for Flame 1, Rate 2.





Figure E.4. XPS spectrum for iron pentacarbonyl seeded soot sample for Flame 1, Rate 2.
Height = 16 mm. (recorded at Exxon Research and Development Laboratory) 212
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Figure E.5. XPS spectra for iron pentacarbonyl seeded soot sam ples 
for Flam e 1, Rate 2. (recorded at the U niversity o f K entucky)
APPENDIX F
DETERMINATION OF SURFACE GROWTH RATES
The calcu la tion  o f the soot surface grow th rates requires evaluation
o f  the tim e derivatives o f  the soot volum e fraction profiles. In the p resent
study, the tim e derivatives o f  the volum e fraction profiles w ere determ ined 
by averag ing  the deriva tives as ca lcu la ted  both  n um erica lly  and an a ly ­
tica lly . The num erical d ifferen tiation  w as perform ed using a cubic sp line 
in te rp o la tin g  function  and fin ite  d ifference techn iques  (H ornbeck , 1975).
S pecifically , the num erical derivatives were calcu la ted  using a second order
cen tra l d ifference fo r the m iddle data poin ts, and e ith e r a second o rder 
forw ard o r backw ard difference for the endpoints, using a step size o f 0.25 
m sec. The cubic spline function was used for in terpo lation  at each step.
T he an a ly tica l deriva tives w ere calcu la ted  by fittin g  a th ird -o rd e r  least 
sq uares cu rve to the data, and analy tically  d iffe re n tia tin g  the re su ltin g  
p o ly n o m ia l. The least squares fit and th e  cubic sp lin e  in te rp o la tin g  
function are presented with the experim ental data in F igure F .l  fo r Flam e 1,
seeded at R ate 1, and the corresponding derivatives are presented in F igure 
F.2. The use o f  the average derivative based on the analytical and num erical 
re su lts  p rov ided  a b e tte r  rep resen ta tion  o f  the da ta  by com bin ing  the 
positive features o f both methods. The cubic spline function has the advan­
tage o f  passing exactly through all data points, but is susceptible to  noise in 
the experim ental data. The least squares fit has the advantage o f  sm oothing 
th e  d a ta , bu t tends to  possess la rg e r d ev ia tions  n ea r the end po in ts . 
A verag ing  the tw o m ethods resu lted  in a degree o f  sm ooth ing  o f  the 
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Figure F .l .  L east squares and cubic spline fit o f  volum e 
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Figure F.2. A nalytical (least squares) and num erical 
(cubic sp line) derivatives o f  volum e fraction  p ro files  
fo r Flam e 1, seeded with iron pentacarbonyl at R ate 1.
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